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INAUGURAL ADDRESS 


By Dr. Alexander Russell, President. 

I^Add^ss delivered before Ti-ie Institution, l^th October, 1923 .) 


In this address a few comments are first made on 
the #ork of this Institution. A very brief survey is 
then given of the^ progress of electrical engineering 
since the ^War. hinally one or two scientific and 
engineering sulijects in which I am specially interested 

are discussed. 

4 

_ ThS fNS-nxuTioN OP Electrical Engineers. 

We naturally *take pride in our connecj^on A^ith this 
Institution and, through it,* with the many electricians 
who have advancQ|:i our knowledge and applied electrical 
sciei!ce sow^uccessfully.to SmeTiorate the conditions of 
•human life. Special mention must be made of Lord 
ifelvin ancf Alexander Graham Bell. Both made many 
inventions and founded new industries, and both are 
universally regarded as benefactors of humanity. ■ 
'Concurrently with the phenomenal increase‘in our 
numbers we have kept in close touch with all parts 
of tlje kingdom by means of our Local Centres , and 
Sub-Centres. Through the Jo%irnal our overseas mem¬ 
bers learn of 'the progressi that we make and of the 
difficulties that we encounter. The Institution unites 
the Wiiiisto^ branches of the electricar industry 

for^mutud help and encouragement.- .It has always 
taken ^ leading part in the vangtfard of'^electrical re¬ 
search. It takes a special interest in engineering 
education, recognizing that a thorough understanding 
of physical principles and a sound knowledge of the 
latest engineering developments are essential to progress. 

As induiy bound, it honours all the great electricians. 
Its library contains many very valuable pamphlets and 
books which are at the disposal of engineers of every 
nationality. In addition to its functions as a store¬ 
house of knowledge it dSes its utmost, by means of its 
Benevolent Fund, tc^ assist to be self-supporting those 
who have Jfallen on evil times. . 

^ It has always been our policy to keep in close touch 
with our sister Institutions. .Recently , an advisory 


body founded by the Institutions of Civil, Mechanical 
and Electrical Engineers, and by the Naval Architects, 
has been formed. It is called ^he Engineering Joint 
Council. So far as we are concerned it takes the place 
of the Conjoint Board of Scientific Societies which has 
now been disbanded. It is hoped that tliis organization 
will be a help in advancing our joint interests. 

Forty years ago this Institution co-operated with 
the Royal Meteorological Society, the Royal Institution 
of British Architects and the Physical Society of London 
in investigating the methods of protecting against 
damage by ligbtning. Tliis Lightning Rod Conference 
published a valuable report in 1882. Sir Oliver Lodge, 
hi a paper read before tliis Institution in 1889, showed 
that advances in our knowledge niade it essential to 
alter several of the recommendations made by the 
Conference. Recent advances in meteorology have 
again revived interest in the matter. Some of the 
problems in connection with it are discussed later. 

We are making arrangements for closer co-operation 
with the American Physical Society and with the 
Physical Society of Loiidoi^ in producing the^ Physics 
Section of Science Abstracts. From every point of view 
this co-operation is highly desirable arid we welcome it. 

Transatlantic Radio-Telephony. 

During last year satisfactory progress has^een made 
in the development of transatlantic radio-telephony. 
It has been proved experimentally that under favourable 
weather conditions telephony between New York and 
London is perfectly satisfactory. The results published 
show that there are very large daily variations in the 
audibility and also very large seasonal variations. Tiie 
assumption that the daily variation is due to the 
diiference in the absorbing qualities of the atmosphope 
in daytime and night-time leads to results whigh agree 
well with the experiments. The latest results indicate 
that it will be necessary to use a wave-length greater 
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than 5 000 metres if the best voice transmission is to 
be obtained. 

Broadcasting. 

In the United States'"there were no fewer than 581 
licensed broadcasting stations on July 2nd. But of 
tills number about 25 per cent had ceased to operate. 
The reasons for their stoppage are mainly financial. 
In very f^w cases has the service been discontinued 
‘'owing to a lack of appreciation by the public. In this 
<conntry we have only one organization for broadcasting 
and it has made godci progress during the past year. 
It^is certain that, in the future, biroadcasting will have 
an important efhsct on national development. 

' r % 

The Electric* Lighting Industry. 

Since the termination of the War in 1918 the section 
of the industry which deals with the supply of elfectrical 
energy has been very active and real progress has been 
made. Although during the War years, power stations 
had to be extended hurriedly so as to cope with the 
normal growth of the load, yet many of them were 
prohibited from getting the necessary new plant. They 
had therefore to run under overload conditions. Only 
repairs which were absolutely necessary were made. 
The result of this was that in the beginning of 1919 
many schemes were under consideration either for the 
overhaul of existing o» for the purchase of new plant. 

During 1920 and 1922 the prices of engineering 
materials were very high. This naturally hindered 
development. Now that prices are falling to values 
approaching pre-War level, a large amount of generating 
machinery is being installed in all parts of the country. 
In 1920 ofiS-cial sanction was given for the installation 
of generating plant aggregating 500 000 kilowatts. 
In 1921, for the reasons stated above, this figure fell, 
but in 1922 it nearly reached the same value. Since 
the War several very large generating stations have 
been built and several others are in course of erection. 

Boiler house.—In the boiler house radical develop¬ 
ments are taking place. The possibilities of pulverized 
fuel are being thoroughly investigated both in this 
country and in America. The changes which have 
been made and which it is proposed to make in the 
working pressure of the steam would seem incredible 
to the ^older generation of engineers. The working 
steam pressure was gradually raised from 160 to 250 lb. 
per square inch. Now steam pressures of 350, 4:50 
and even 500 lb. per square inch are not uncommon. 
The new station * of the Edison Electric Illuminating 
Co. of Boston will have boilers supplying steam at a 
pressure rf 1 200 lb. per square inch to a 2 500-kW 
high back-pressure turbo-generator. The exhaust steam 
is reheatgd to ^700® F. and then enters a second turbine 
which is of ordinary construction. 

We know that as the temperature in a boiler rises 
the ^ensfty of the water in it diminishes and the density 
of* the steam in it increases owing to the increased 
pressure. When the critical temperature of 705° F. is 
attained the steam and water have the same> density 
and arq, indistinguishable from one another. At this 

♦ Journal of the American Institute of Electrical Engineers, .1923, vol. 42, 
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temperature the pressure is roughly 3 200 lb. per square 
inch. The water also, having no^ latent h^at, parses 
quietly into the gaseous state. The English Electric Co., 
in association with f^ierBenson Engineering Company 
of London, are maldng experiments at the present time * 
to gene:ip.te steam at about 3 200 lb. pressure p^r square 
inch which, after being throttled«to 1 500 lb. jper squafe 
inch by means of a reducing valve and its tempera¬ 
ture raised to about 700° F., *vill®be used to drive 
a specially constructed 350-kW tuiSine. After being 
expanded in this turbine the st(Jtftn will be reheated 
and passed at a pressure,^! 250 lb. per square \p.ch. 
to a low-pressure turbine wtSch will be of ordinary 
make. That di£&culti5s * will be encountered in the 
manufacture of these very high-pressure tufbines is 
certain. That economies would result from their use 
is equally certain. Increasing the steam pressure will 
secure a higher thermodynamic efficiency. It will also 
have the advantage of reducing th^ ^ize of the steam 
pipes. The pioneers of the method are to be congratu¬ 
lated on their courage and their foresight. 

Engine room.—In the turbine roon>. the size of 
generating plant continues to increase. /,In«1918 a 
6 000-kW set was co3^ideiifd a large unit. To-day a 
standard size is 15 000 kW. Several sets of 25 OOD kW 
are in operation and in a London station now Jieing 
built 35 OOO-kW sets are being installed. Messrs. C. A. 
Parsons & Co. of Newcastle are constructing a 40 OOO-kW 
set for the ComihiDnwealth Company of Chicago, and 
a 60 OOO-kW set is beiijg built in America. 

The use of th^e larger sets, with the corresponding 
increase in the total capacity of the mod#p power 
house, has led to great improvements iii switchgear^ 
As sucH^ swiij^hgear under modern conditions may be 
called^on to break over* a miilioif kilowatts " and 
under such circumstances is .subjected to enormous 
mechanical and electrical stresses, much still remains 
to be done in safeguarding it from dapiage. The" 
British Electrical Research Association has the problem 
in hand and is carrying out a series of tests on switch- 
gear which are hkely to yield important results. 

Since 1918 the thermal efficiency in large rpo\7er 
stations has almost doubled. Five years ago the ratio 
of the heat equivalent of the kilowatts generated to 
the heat equivalent of ftie fuel coi^umed, that is, the 
thermal efficiency, was commonly only about 10 per 
cent. To-day thete are power stations in different 
parts of the country with a thermal efficienc ^ i »frl § per 
cent. An efficiency, of 25 per cent may be, attayaed 
in the not very dis-^nt future. . ® 

Power transmission .—For the transmission of electrical 
energy over considerable distances the use of pressufes 
of 6 000 and 11 000 has given place to pressures of 
33 000 and 66 000 volts. The , cable makers of this 
country are to be congratulated. on theii* successful 
solution of the problem of making, underground cables 
suitable for 66 000 volts. The number of overhead 
lines for transmission over long distances and for 
transmitting energy over scattered rural districts is 
rapidly increasing. There are, iiowever, indications 
that for power transmission in country districts cheaper 
systems of underground cables using 11 000 and 22 000 
'* English Electric Jourml^^vol. 2, p. 229. 
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volts reapectively will become common.^ Where a 
single-phase systei^ of supply is used these methods 
will compare favbtfrably as regards cost with overhead 
lines. 

Poly core cables ,—The use of polycore cables for a 
working^ presswe of 33 000 volts is becoming general 
in large industrial areas.and iai cities. At a few stations, 
where the loads justify it, higher working pressures 
are used or are^’on the point of being used. When 
polyphase systeixRs are employed there is still, unfor¬ 
tunately, a differetee of opinion as to whether it is 
more advajittigeous to us^<%a polycore cable or single¬ 
core cables. The leading cable manufacturers are 
prepared to guarantee three-c3re cables up to 66 000 
volts, and there are already a few of these cables in use. 

The supply authorities in this country favour three- 
core cabJe as it js easy to handle. In Paris a three- 
phase system of 60 000 volts is in operation using 
single-core cabfe^ No , unexpected difficulties have 
arisen. A very real advantage of the Paris system is 
that air faults are faults to earth. ITence by putting 
a suitable mpedance coil in the earth connection it 
*is possible ^jto restrict the fault current to a definite 
value. Plence an accidei?ifcal iault gives no harmful 
shock to the supply system. 

In the United States and Canada, where electricity 
is in more general use than in this country, there is a 
Memand in the great industrial cities for cables which 
will withstand working pressures <t)i at least 100 000 
volts, l&anufacturers are seriously considering the 
construction o! short feeders for 100 000 volts as a 
cqpimei’ckil experiment. In a few years' time the 
'•questioh of ftsing these very high pressures will have 
become one of *^reat urgency in this coiMitry > 9 wing to 
the rapid increase in the load. Should, however, the 
‘supply engineers* decide o^i tl^eir immediate use it will 
be iiecelsary to use single-core cables. 

,, Throughout Holland 60 000 volts has been adopted 
•as the standard pressure for primary power trans¬ 
mission. Overhead transmission in conjunction with 
underground cables is in general use. It is interesting 
to notice that in several cases both three-core and 
single-core cables are used simultaneously. Bata which 
will* enable a practical comparison of their relative 
merits to ba made will therefore soon be available, 
The three-core cables are iDf British and the single-core 
cables are of .German manufacture. 

Broad} 5 « speaking, we may say that the delay in the 
adR:)^tion of higher working pressured *ii), this country 
and the delay consequently in securing the economies 
associated with them are due mainly to the absence 
of an effective national policy which would secure the 
harmonious working of the various supply stations so 
as to obtain the maximum economy. The Electricity 
CommissiSn is doing everything in its power to obtain 
this desirable end. The developments that have taken 
place since the war, and their resulting economies, are 
reflected in the gradual lowering of the price of electricity 
•to the consumer. 

British Electrical Manufacturing Industry. 

The closing of the mid-European and Russian markets 
to British products has been a severe handicap to the 


manufacturing industry. It has, however, been lessened 
by the increased demand from^the overseas portions 
of the British Empire. lUis satisfactory to notice that 
the exports of electrical mach^ery to British Dominions 
have increased and are continuing to increase. Judging 
from the steady improvement which has taken place 
during the past five years, there is every reasoiis to 
regard hopefully the future position of the British 
‘ electrical manufacturing industry. 

The British Empire oExhibition. 

The section of the’British Empire Exhibition devoted 
to electrical manufactures embraces the most repre¬ 
sentative and impressive examples of electrical machinery 
and apparatus ever shown in this or any other country. 
Arrangements have been made for demonstration.?* of 
long-, and short-distance radio-transmission, the very 
latest appliances being shown in operation. The plant 
of the power station, the value of which is £150 000, 
has been lent by the members of the British Electrical 
and Allied Manufacturers' Association (the B.E.A.M.A.) 
to the Exhibition for only a small fraction of its value. 
The Electrical Development Association is giving a very 
interesting exhibit which will show visitors the advan- 
tages of the domestic and small power applications of 
electricity. 

World Power. Conference. 

In co-operation with our Institution, and with other 
scientific and technical Institutions, the B.E.A.M.A. is 
promoting a World Power Conference. The advantages 
of such a Conference are many, and keen interest is 
being taken in it by practically every civilized country. 
Committees have been formed representing the Dominion 
of Canada, the United States’,* America, France, Belgium, 
Italy, Norway, * Sweden, Holland, Denmark, Greece 
and Czeclio-Slovakia. 

The Electrical Installation Industry. 

The electrical, installation industry to-day is pros¬ 
perous. The quality of the materials used has never 
been better and the standard attained has never been 
higher. This is due to the good work done by the 
Institution in the production and continual revision 
of its Wiring Rules, and t^ the activities of Uie Elec¬ 
trical Contractors' Association. The British Engineering 
Standards Association by standardizing materials has 
helped to stabilize the industry. The National In¬ 
dustrial Councils also have done excellent work in 
fostering the good feeling which exists between einployers 
and employed at the present time. • 

The Lamp-making Industry. 

Immediately after the War the lamp makers embarked 
on a broad policy of extension and co-ordinated research 
work. The benefits of this policy are already seen''in 
the great improvements that have been made in the, 
manufacture of incandescent lamps. An immense 
amount of research work has been '^xpendecb on the 
gas-filled lamp. Its universal adoption will greatly 
raise the standard of illumination. In^the factory this 
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will lower the risk of accident, increase very appreciably 
the output .and ^do mtrcli to prevent industrial fatigue. 

Not many years ago the "^nurnber of electric lamps 
used per head of the p(^pulation of this country was 
the same as the corresponding number in the United 
St§,tes. Now the latter number is more than four times 
the^ormer. I am glad, therefore, that the lamp industry 
is bringing the'numerous advantages^of a higher standard 
pf illumina-Cion to the notice of the public. 

^ Post Office Automatic Telephony. 

The British Post Office, having had experience of 
the successful and economical working of 17 automatic 
exchanges in. pubHc service in this country, has decided 
that in the future this^ type of equipment shall be 
adopted in all important areas. Several of these 
exchanges are being constructed in the provinces, 
and contracts have been placed for others. 

The difficult problems suggested by automatic work¬ 
ing in the largest cities which have been under con¬ 
sideration for a lengthy period have now been solved. 
Arrangements have been made for the introduction of 
automatic switching in London. It is anticipated that 
the installation of several important automatic exchanges 
in the Central District will be commenced in 1925, 

^'Long-distance Communication. 

On 17th March, 1921, Sir William Noble outlined 
the use of light-gauge coil-loaded cables with thermionic 
repeaters. Great progress has since been made in their 
adoption. Cable routes have been completed between 
London, Derby and Mandhester, London and Brighton, 
and London, Portsmouth and Southampton. Others 
which are approacliing completion are London to 
Bristol, Bristol to Birmiugliam, Birmingham to Jklan- 
chester, and Leeds to Hull. Several iinportant exten¬ 
sions of existing routes are well in hand and several 
additional routes will shortly be commenced. 

The rapid expansion of traffic between' Great Britain 
and the Continent has rendered it necessary to consider 
the adoption of a type of submarine cable capable of 
carrying a larger number of channels than those at 
present in use. The manufacture for the Anglo-Dutch 
telephone service has therefore been commenced of a 
paper-core, lead-covered and continuously loaded cable. 

Developments in Radio-Telegraphy in the 
Post Office. 

The main trend of recent progress in radio-telegraphy 
has been in the direction of improvements in methods 
of transmCsion by the elimination of harmonics and 
impurities, and development work in connection with 
high-power racleo transmitters using silica valves and 
water-cooled metal valves. 

As the ^result of successful experiments on the use 
of coupled circuit on an arc transmitter at the 
Nottholt station, a similar circuit is now being installed 
at the Leafield station supplementary to the 250-kW 
arc installation. Very marked improvement has been 
effected ^in the Suppression of harmonics and other 
undesirable emissions by tlie introduction of these 
circuits. 


Valve transmitting sets producing 40 kW in the 
aerial have been assembled and oj^rated using both 
silica valves and water-cooled metal Valves. The most^ 
powerful valve which^'hSs proved*commercially satis-, 
factory is capable of producing 14 kW of high-frequency 
power in^n oscillatory circuit. As Jthe a^sult o^experi-^ 
mental work, valve transmitter* are to b^ used in 
the new high-power station now in course of erection 
at Rugby. This station rated at*l 0(fb*kW is designed 
to deliver 500 kW to the aerial circuit. The height 
of the masts for this station is to*l^ 820 feet. Eight* 
are now being erected and ^fie site is so a*rr 9 .nged tJ^at 

extensions up to twice that nmnber can be carried out, 

« * 

Railway Electrification. 

The problem of railway electrification j^resented 
many almost insuperable difficulties in the past. The 
necessity for costly experiments and the difficulty of 
getting the requisite capital made ftn^ineers proceed 
cautiously. It has to be remembered also tha't steam 
railways were built with an eye always to the needs of 
the locomotive. It was only when railway engineers 
saw that it was the be^^t of overcoming tlie diffi¬ 
culties connected with urban and suburban traffic or 
of long tunnels or steep gradients that they adopted 
electric traction. The outlook at the present time is 
much more promising. Large orders for the extension of 
the electrification of railways in New Zealand, Australia, 
South Africa, Brazil and Japan have been received in 
this country and are very welcome to 
Electric traction'*’ engineers and manufacturers are 
looking forward to a busy future. With tli^ high 
pressures now available for transmission and the use 
of automatic ^substations tl^ere is no technical reqson 
why th% whole of our railway systems should not be. 
electrified. One benefit will-be *the diminished,inr<3fids 
on the limited stores of coal in our mines on which 
posterity has some claim. Mr. Roger T, Sihitii * ha# 
calculated that if the railways of this country werU 
electrified there would be a saving effected of about 
50 per cent in the quantity of coal consumed. 

Research. 

Combined research has" much to place to its credit. 
The British Electrical and Allied Industries Research 
Association has broken much new ground and obtained 
interesting and important results. The openj^g of ^the 
Research Labpratories of the General Electric Co. aat 
North Wembley is an excellent augury that the imt)or- 
tance of scientific and commercial co-operation will soon 
be recognized by every leader of industry. , 

I should like to emphasize that our progress depends 
very largely on the work of the rank and fil^ in the 
industry. It especially depends op those \fho make 
new inventions or perfect, old methods. Our late 
President, W. Duddell,- used to say that we could 
advantageously do much more^than we are doing to 
encourage those who have made small inventions or 
discoveries. In particular he advooated that we should 
publish, in our Journal, accounts of any advances that 

* Presidential Address to the British Section of the SocUU Des Jngdnieurs 
Civils dff Frame , 10th October, 1923. 
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h^d beeil^ made, no matter how short the paper was in 
which they are/djjscribed. vSome improvements may 
,seem trifling to m^ny and some may appear almost 
seif-obvious. As’ however, tl?e}? may cheapen the cost 
of proc^uction ? and improve the quality and efflciency 
of our manuf^ctqr^s, they are of the highest value 
from the»poini; of vietv'^of ou? national prosperity. 

, ’iJ^ELViN Centenary. 

• Qn the 26th oL^ime next w^e shall be celebrating 
the centeimr^ of the biftlr^of the greatest of our Past- 
Presidents, Lord Kelvin. It»i^ only 16 years ago since 
some o| us attended his funeral in Westminster Abbey, 
,where he was buried with all the honours due to a 
prince of science. The greatest of natural philosophers 
since Isa'ac Newfbn, he had the power, rare amongst 
scientists, of completely realizing his conceptions in 
practice. We kotiour him specially for what lie did ’ 
to advance electrical knowledge. From the time when 
he was a student at Cambridge calculating the attrac¬ 
tions betweeh electrified spheres, down to the specula¬ 
tions hh nij-ifle about electrons pi the latest years of his 
life,, he was ever looking^ with eager e 3 ^e to discover 
Nature’s seci*ets. 


Relativity. 

A tea^lier is asked man^^ questiolis about the theory 
of relativity. 1 am afraid tiftit however much he has 
tried to. understand this theory his '•answers will give 
little j^attsfaction. The Michelson-Morley experiment 
"•appears to sh 9 v^ that the velocity of light is inde¬ 
pendent of the^velocity of the earth. This i ?3 a very 
.hard and a very disturbing statement. Luckty Fitz- 
ger4tld showed us^a way oi^. aWe are forced to conclude 
that tli£ Pleasuring rod has contracted by the two- 
kundred Hiillionth part of its length in the direction 
’ in which the earth is travelling. A possible explanation 
of this is, that the’ atoms forming the rod contain 
ej^ectrons. These electrons move with the rod and 
therefore act like electric currents. Theory shows that 
the mutual action of these currents would shorten the 
rod *111 exact accordance witLthe observed law. 

We must -remember that when Copernicus stated 
that the sun was stationary and the earth moved round 
it, he was derided by the upholders of the fixed earth 
the^iry. "^t is necessary therefore to be careful not 
to^l^elittle Einstein’s theory. It Jias nibiiliing whatever 
to do with the mathematical suggestion of four dimen¬ 
sions in space for the existence of which not the slighest 
evidence has ever been advanced. Einstein discovered 
that our conceptions of the framework of space and 
time wSre at fault as we had neglected the fact that 
we were on a moving globe. The four dimensions in 
his theory are the three in space and one in time, and 
his results show that these four dimensions are not 
independent. The theocy has been applied in astronomy 
and is also used in atomic theory. Unless, however, an 
engineering studeift has exceptional mathematical 
abilities fie can employ, himself more profitably by 
Studying theories more directly applicable to our 
everyday life. 


Atomic Theory. 

On 15th January, 1891,^Sir William’Crookes gave an 
epoch-making Presidential Address to this Institution. 
It was entitled Electricity i?i Transitu ; from Plenum 
to Vacuum.” He showed electric discharges in tubes 
I exhausted to a high vacuum by powerful air pumps. 
He pointed out tlmt the discharges acted as if they 
consisted of strearhs of negatively charged particles. 
A few years later Sir Joseph Thomson proved thal: 
these negatively chaTged particles were exactly the same 
from whatever gas they were oStained. They were in 
fact the atoms of which a negative charge of electri^ity- 
is made up. 

There is strong evidence that tlT!^e el^itrons Jorm 
part of every atom of matter. Sir Ernest Rutherford * 
recently described to us his theory that the atom Con¬ 
sists af a nucleus surrounded by planetary electrons. ■ 
The nucleus contains suflicient positive electricity to 
neutralize exactly the sum of the charges on the negative 
electrons. The atomic number of an element, which 
has introduced great simplifications in theory, is simply 
the resultant charge on the nucleus. The atomic 
numbers range from 1 to 92, so that we can infer that 
there are 92 different kinds of atom which could be 
distinguished by their chemical reactions. There are, 
however, only two different kinds of electrical atoms, 
the positive one which is the :».ucleus of tEe hydrogen 
atom,, often called the proton, and the negative one 
called the electron. The assumption is made that all 
the different kinds of atoms are built up of protons 
and electrons. If these electrical atoms had been 
known to the scientists of 60 years ago, electrical progress 
in several directions would have been much accelerated. 

Thunderstorms. 

A remarkable thunderstorm visited London on the 
night of July 9-10, 1923. The storm appeared on the 
south, coast and progressed W.N.W. at a speed of 
about 25 miles an hour, travelling through London, 
Bedford and FIulL The main rainfall, which was 
torrential in places,- extended over a belt about 30 or 
40 miles wide. The lightning hashes in some places 
occurred with only a few seconds’ interval for hours 
at a time. The 'discharges were mainly from cloud to 
cloud or from a cloud to the upper air, and so ttee damage 
done was not serious. ^ 

It will be useful to consider the physics of the problem. 
In a Royal Institution lecture on 18th May, 1860, 
Kelvinf reminded liis audience that many 3 ^ears pre¬ 
viously Beccaria with very insensitive instruments had , 
made many records of atmospheric elecS-icity. ITe 
suggested that now that accurate instruments are 
available careful records should be made. Me wanted 
to know in particular how electricity was distributed 
in fine weather in the strata of the atmosphere up to 
a distance of 6 miles. He pointed out that this •could 
easily be done by means of balloon observations. He 
wanted to know also whether the particles of rain, hail 
and snow possessed charges of electricity. 

To picture what happens more clearly* I shall 

* Journal T . E . E ., 1922, vol. 60, p. 613. 
f See “ Reprint,” p. 2i8. * 
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describe some of the additions made to our knowledge 
during the--last 25. years ty meteorological ^lence. 
From data published by the Meteorological Office we 
find that in the south-easf of England if the temperature 
of.the air at the earth level be 10° C., then as we go 
verticaUy upwards it falls uniformly for a distance of 
6 T^iles where the temperature is only about - 56 U 
After tliis aitAude is attakied the tefnperature, cnnons y 
SnoTigh, remains almost practically constant up to the 
greatest height reached by pilot baUoons, which is about 
12 miles. The layer 8f the atmosphere up to 6^ miles 
high is called the troposphere. ‘Above this is the 
iscrthermal layer called the stratosphere. Clouds only 
appear in tHe tro:^sphere. There is very little moisture 
in the stratosphere. Fos example, practically no snow 
falls on the top of Mount Everest; the_ snow on it is 
blown np from lower down the mountain. ^ • 

On a calm day as we go upwards the electric potential 
gradient diminishes. In midsummer a usual ground 
value is of the order of 100 volts per foot. In mid¬ 
winter the average ground value is at least twice as 
liigh. In foggyweather it is sometimes greater than 
500 volts' per foot. In fine weather the potential 
difference between the ground and the top of the 
troposphere is of the order of a million volts, and 
above this^ the potential gradient is practically zero, 
and so thd isothermal^ layer is also an equipotential 
layer. This voltage between the earth and the equi¬ 
potential layer is, however, much too small to produce 
a lightning hash. That requires at least thousands of 
millions of volts. 

The surface of the earth is generally at negative 
potential but it sometimes lias a small positive potential. 
Owing to the vertical potential gradient, the electrons 
from the earth are always moving skywards and act 
like a vertical earth-air current. Sir Francis Ronalds,* 
one of the early members of tins Institution, made 
observations at Kew Observatory for the British 
Association. He found that the intensity of the 
atmospheric electrification had a maximum value 
every morning and another maximum value in the 
afternoon. Chreef has shown that these maxima values 
are usually greatest in cold weather. Possibly, there¬ 
fore, they may be due to smoke or other impurities in 
the atmosphere. 

The following table mayjie taken as roughly typical 
of the temperature, pressure and electric strength of 
the atmosphere at various heights above the ground 


Height in ,, 
miles 

' i 

Temp., Cent. ! 

Pressure in mm 

Eleotric 
strength in kV 
per cmf 

0 * 

0 

15 

760 

28 

3 

- 15 

412 

17 

. 6 • 

- 50 

206 

10 

’ 9 

-- 6 0 

96 

4-6 

12 

- 60 

44 

2*1 


’S'Cf. W."Snow Harris: ‘‘Rudimentary Electricity,” 1848. 
t Philosophical Transactionst Vol, 206, p. 299. 

X By the electric strength of air we mean the maximum electric stress it 
would withstand between two very large spheres at an appreciable distance 
apart; The numhers given at tlie grlfeter heights are only roughly approximate. 


up to 12 miles. The ground temperature aneb pressqxe 
are supposed to be 15° C. and 76^ ,mm of mercury 

respectively. r 

The table shows that* at a heiglffc of 3 miles the 
temperature is below the freezing-point and the 
electric Strength of the air is only^ alSout half what 
it is at the surface of the e§.rth. •‘At a height of 24 miles 
the barometric pressure"' would only about 2 • 4 mm 
and the electric strength would '"onlyr be of the order 
of some hundreds of volts per centimetre. At some 
height, probably about 30^ miles rvertically up, rrthe?' 
electric strength would atthin ^ minimuifi walue. “At 
greater heights it would^begin to increase very rapidly 
and soon become at least 30 times greater tjgan the 
electric strength of air at ground-level. 

' J. L. E.. Hayden* placed two 1-cm spheres in a 
kenotron bulb at a distance of 0*^3 cm apart. At 
atmospheric pressure the disruptive potential gradient 
was 47 kV per cm, but with an exFcdlent vacuum a 
gradient of 1 235 kV per cm was required to break 
down the gap. A good vacuum therefore has an 
electric strength at least 26 times the strength of air 
at ordinary pressures. ^ 

In a recent paper*|* F. Wl Peek has shown thfit a 
much higher impulsive voltage, that is, a voltage similar 
to that which causes Lodge's B flash, is i*equired to 
spark over a given distance than a voltage at ordinary 
working frequencies. ITe also shows that some sub¬ 
stances which act al conductors at working fre,quencies 
can be punctured by impTblsive voltages.^ For instance, 
he found that afi impulsive voltage of 149 kilovolts 
broke down the gap between two l-in.^sp0.e^s, isn- 
mersed in water, at a distance of. inch" apart. 
The confluctiffg water therefore acted ^ as if it were a 
dielectiflb having an electric strength between three and. 
four times that of air. • • ’ ' V 

It is easy to get a discharge from an electrode to 
the surface of water. The author remembers one® 
being in a small boat on the sea on a perfectly calm 
day during a thunderstorm. Where the lightning 
struck the sea a narrow column of spray, or mop 
probably steam, seemed to rise suddenly not Cnlike 
the splash made by a gannet when diving. Possibly 
when a flash of lightning, strikes sandy soil and f(?rms 
a fulgurite, vapour or smoke^ might he observed. 

When it is considered that two million volts will 
only bridge a few feet in air, the voltage of a lightning 
flash to earth must be exceedingly high.«^We •can 
conclude frorm laboratory experiments that the el*ej}t?-ic 
resistance of fog or mist is greater than that of clear 
air, but that its electric strength is much tlie same. 
Let us now consider very briefly the mechanism of 
a thunderstorm. Owing to the small potential differ¬ 
ences produced by the ordinary earth-air electric 
current, and consequ|3ntly the minute amount of 
electrostatic energy stored in the field, we are justified 
in assuming that the most important function of this 
current is in assisting to start-the storm. A thunder¬ 
storm usually travels over considerable distances and 
keeps on generating prodigious qu?intities of electrical 
energy. It functions like an electrostatic* machine 
■f* Journal of the American Institute of Electrical Engineers, 1922, vol. 41, 
p, 853, 

t 1923, vol. 42, p. 623. 
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driven a very powerful motor. We have,to consider 
what produces th# energy which the lightning flash 
converts into hea*t, light, sound and radio waves. 
Aviators and bailoonists rep^i-P that the air in the* 
centre of a thundercloud is practically always moving 
upward? with • considerable velocity. In tl^ 
layers of the tr^posplrer^e, owing to ionization, there are 
sometimes many free electrons.^ If the humidity of the 
upward current,of be high enough the vapour 
condenses round ?he electrons and so the air is full of 
fiiinjite globules qf water. Some of these coalesce 
together forn'ling larger^drops. If the vertical velocity 
of the air be greater than 8 njetres per second (17 miles 
per hoi^r) the large drops as tliey are blown upwards 
pften break into smaller drops. Experiment shows 
that the charge on the smaller drops is generally negative 
and on the largef* drops positive. As the larger drops 
are often kept oscillating in the higher and very cold 
strata of the atajosphere owing to fluctuations in the 
velocity of the air currents, they keep melting and 
freezing* again, producing ordinary hailstones. As the 
gusts vary we have the large drops and hailstones 
’positively c|iarged descending downwards. Electrical 
energy, due partly to the'’* work done by gravity on 
the descending drops and by the air currents on the 
ascending drops, is stored in the atmosphere. On the 
upper part of the cloud we have a negatively charged 
'layer and on the lower part a positively charged layer. 
The falling drops keep increasing the"*potential difference 
until it gets so high that a disruptive discharge ensues. 

I have imagined the cloud to be ^bipolar. Several 
kij^ds #f *^electric ^discharge can therefore ensue. We 
'^may have bf-ush* discharges between the upper layer 
and the better^ conducting layers higher up. Some 
kinds of sheet lightning could he caused in tbj^s way. 
"On,^ summer e-^ening* it<n»is ^ot very unusual to see 
sheet lightning in broad flashes coming from a cloud 
sjmd ending in the upper air. An ordinary flash also 
‘has sometimes been observed to end in clear air. If 
another cloud drifts up we may have a flash between 
the upper layer and this cloud. We may have flash 
d?scht5rges between the lower layer and the earth or 
another cloud. Possibly also we may have a flash- 
over* between the two poles Qf the thundercloud when 
they are not too fSir apart. C. T. R. Wilson* describes 
this phenomenon by saying that^the cloud may be 
short-circuited, 

Operatt^ns of this nature happen during a thunder- 
stOirm*. The separation of the charged ^drops due to 
the Sifference in their velocities produces high potential 
differences. There is plenty of energy available. The 
work done by an inch of rain falling a mile is 27 500 
ft.-lb., or the one-hundredth part of a kilowatt- 
hour, p®r square foot of the earth^s surface. It has 
recently 6een shown that in ^neral the purerf the 
raindrops the greater are the electric charges they 
assume on pulverization. In particular any containina- 
tion of a raindrop with sodium chloride diminishes 
the charges produced when it breaks in air. This 
possibly has the effect of diminishing the intensity of 
thunderstorms at seaside towns. It has been suggested 
• 

* “Atmo^ph™ Electricity,” G^a^etrooVs B.A.P., vol, 3. 

t T. T. Nolan and H. V. Philosophical Magazine, 1923, vol 4^, p..226- 


that the introduction of ammonia into the upper layers* 
of the atmosphere would hinder^ the development of a- 
thunderstorm. To utilize"* this practically, however,, 
could rarely be attempted, as> a thunderstorm usually 
covers a large area. ^ ^ ^ 

What we as engineers are specially interested m is 
how to protect buildings and apparatus and polder 
and communicatior? lines from damage’’due directly 
or indirectly to lightning flashes or to tire gradual 
accumulation of electric charges. I think that tli^r^ 
is no need to^ call a second Lightning Rod Conference. 
The principles laid down by Sir Oliver Lodge* in this 
Institution in 1889 still hold good. They have befen 
adopted by the Lightning Research (Committee of the 
Royal Institute of British Architects.t In practice 
they are found quite satisfactory. i> 

We now know that a lightning discharge is Unidirec¬ 
tional although it may be rapidly pulsatory. But 
even a unidirectional discharge gives rise to an alter¬ 
nating current in line wires, and may give rise to 
alternating currents in lightning conductors. The wires 
in insulated conductors have been found broken into 
small pieces by a lightning discharge. This seems to 
point to rapidly alternating currents. Lodge’s A and 
B flashes of lightning are known to all students of 
electrical engineering. The B flash, which iS the dan¬ 
gerous one, is also referred to as an impulsive, discharge. 

I think that possibly too muen stress is laid on the 
importance of having a low resistance to earth of a 
lightning rod. About 25 years ago I measured the 
resistance to earth of the conductor of a large chimney 
stack, It came to 70 ohms. As the end of .the con¬ 
ductor was buried in coke I had it dug up to examine 
the earth plate. This was found to be a brick placed 
there 20 years previously by the workman who erected 
it. I was told that the conductor had several times 
been struck by lightning and acted quite satisfactorily. 

I have noticed that workmen before the test is made 
sometimes pour a pail of water on the spot where the 
conductor enters the ground. Possibly they think 
that a high earth resistance is a reflection on the way 
they perform their duties. 

Diflacult probleihs sometimes arise. I remember once 
considering how to protect a very large iron water 
tank supported by iron pillars on the summit of a hill 
and naturally making an excellent earth through the 
water pipes at its centre. \s the outside iron pillars 
were embedded in concrete it was througlit a4 vis abl e 
to connect them directly to earth, by means of earth 
plates. 

I think it highly desirable that records of curious 
lightning phenomena should be kept. In the Eighteenth 
century this was done; the Philosophical Transactions 
of the.Royal Society before 1800 contain very many 
interesting records. If we knew exactly the mechanism 
of thunderstorms the need for recordings unusual 
phenomena would not be so urgent. Faraday was wery 
doubtful about the existence of globular lightning. 
In his Experimental Researches,” vol. 2, p. 525, he 
says : ” It is more than doubtful that they have any¬ 
thing to do with atmospheric electricity or lightning.” 

* Journal LBS. 1889, vol. 18, p. 386; or Xocige’s “Liglitning Condiictor 
and Lightning Guards.” , 

t Journal of the Royal InsUUtie of BriUshf4fchfiiccts, l9i)4, vol, 12, p. 405. 
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Even W. J. Humphreys in his recent excellent book 
on the '' Physics of the Air says : Doubtless many 
reporhe^^ cases of tall liglflning, probably the great 
majority.,, are entirely sj^urious, being either fixed or 
wandering brush discharges or else nothing other than 
Oj^tical illusions due presumably to persistence of 
vision.After these weighty statements I now give 
my own experience. • 

^ Many yefe.rs ago when 1 was on the coast of Ayrshire 
on the west side of Scotland, I saw what I consider 
to be globular lightn^ig. Although the visibility was 
very fair there was a curious hg.ze higher up. The 
grt)imd potential gradient was probably high. Suddenly 
two spherej of incandescent gas of a dull reddish colour 
about 20 or 30 feet up naoved slowly in from the sea. 
They were each about* a foot in diameter. One of 
these hit the wall of a building but did no apparent 
damage although it made a loud report and consiaerably 
startled the inhabitants. The other drifted away. 

I consider that the evidence in favour of globular 
lightning is overwhelming. Witnesses testify to seeing 
it, to hearing it burst, to finding small metal objects 
melted by it ■ and even to seeing people killed by it. 
I shall confine myself to describing two typical cases. 
The first case I take from the Philosophical Transactions 
of the Roi^al Society for 1781, p.. 42. At Eastbourne 
the tenanj; of a large three-story house facing the sea 
was standing and looking through the window at an 
ominous black cloud. ITe saw several balls of fire 
drop successively out of the cloud into the sea. 
Suddenly he was violently thrown backwards by what 
he described as a flash of fire. Many people outside 
the house at that instant saw something which in form 
and flame they all agreed was like an immense sky 
rocket'' strike the house. The tenant’s clothes were 
torn and pieces of metal he had about him were melted. 
Every pane of glas.s in the room was completely smashed. 
On the ground floor the coachman and a footman were 
killed and on the top floor a lady and her- maid were 
rendered insensible. All the bell wires in the house 
were deflagrated. 

The second case is similar to many others.* It is 
described by a sergeantf of H.M. 96th Regiment which 
-was stationed at Dum-Dum. near Calcutta in 1879, 
where the phenomenon occurred. The ball of globular 
lightning first passed over a bathing tank in which 
seven men were bathing. • It went light through the 
first floor of one barracks, making one man insensible. 
Going out of a window it passed down the wall, moved 
over the end of the barrack square and then climbed 
up to the roof of the next barracks, knocking ofi a 
projecting rain-water pipe. Finally it went down a 
zinc ventilating pipe where it burst with a loud report, 
killing a^soldkr who was sitting on his bed directly 
uxaderneath. A curreirt passed down the punkah wire, 
setting the punkah on fire. Much damage was done 
to tiie victim’s rifle, pai'ts of it being melted. Three 
of* the men bathing were rendered temporarily deaf. 
Many other very similar instances could be given, the 
undesigned coincidences in which, as Paley would say, 
are very convincing. 

* Ph^nomdnes ihectriqiies de rAtmospli6re : Gaston PIant6, 1888. 

t Oct» 26, 1896, U59. 


Globulax^ lightning seems to be a brush ^discharge 
taking place at the end of a column of "’air ^^of higher 
conductivity than the neighbouring"^air. The dififlculty; 
in accepting this exfila^iation, however, is in seeing 
how the conducting column can go through rooms and 
yet pro^de snfficient energy to the^globli a conliderable 
distance away to do serio?us damage." Ip certain cases, 
however, it may possibly get its energy from the 
atmosphere by another path whei^x it*^^ursts. 

A Clear AtmosppjM^e. 

Engineers are accustomed to think of light waA^es 
and Hertzian waves as^ travelling in straight lines. 
They were therefore surprised when it was found that 
Hertzian waves travel round the earth. This is generally 
explained by supposing that the radio waves are suc-^ 
cessively reflected by certain conducrting layers of the 
upper atmosphere and by the surface of the earth or 
sea. Since light waves only differ ^frpm radio waves 
in wave-length we should expect, when the atmosphere 
is exceptionally still and clear, to be able to sde round 
the curvature of the earth. An interesting case where 
the spectators could see over 400 miles Recurred on' 
the 2nd of May last. Colonel Neame, V.C., and Mr. 
F. S. Smythe, an electrical engineer, were climbing 
the Finsteraarhorn in the Bernese Oberland. The 
weather was perfect and the visibility extremely good. 
On a rock ridge at an altitude of 13 800 feet they could?' 
see the Black Forest 150‘miles to the north and the 
snow-capped peaks of •Etaly over 100 miles to the 
south. What tlxey next saw I • shall Tell in Colonel 
ISTeame’s own words taken from a letter to Tiw^s. 

‘‘ Suddenly at 11.55 a.m., the image of aisliip appearedt^ 
in the sj^y ju«t to the east of the Eiger Peak, floating 
in a l^ue sliiinmer just bbyond the* visble horizon. 
Tlxis lasted for a minute gr so aiuil then vanished,* 
Very soon after a line of five ships appeared further 
east, funnels and masts clearly distinguishable. Thj^s' 
image lasted for some 16 minutes and varied in it^' 
clearness from, time to time. The sliips of course 
appeared greatly exaggerated in size and were the 
right way up and not inverted. The nearest ^a 'In 
this direction was the English Channel 400 miles 
away.” «' 

As, at the height they were, the c/isible horizon was 
only some 140 miles away, ^the light must have been 
bent round the curvature of the earth. A mirage seen 
over this distance must be a very rare ph;^omep.on. 
It was probably caused by the refraction of the light 
rays by the strata o*f the atmosphere and these sfrata 
must have been very: sharply defined. As radio and 
light waves only differ from one another in wav.e“ 
length we can infer with certainty that radio waves 
can be refracted in the troposphere so as to bend round 
the earth. In certain cases also they can reflected 
by damp earth, the sea or the dividing surface between 
two strata. In addition to reflection, and refraction, 
however, the radio waves are scattered at the dividing 
surface between two strata, and this scattering must 
play an important part in radios transmission. The 
assumption that there is a definite stratum of the 
atmosphere that always reflects radio waves seeni»» 
unnecessary. 
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Ma'^j-iemaxical Theorems. 

In conclusion^ a, few matli^atical theorems are 

given which are of tlieoreticm interest and may be of 
practic|,l value. Brief discussions of them are given 
•in the Appenaix. •The first theorem shows'^that the 
inductance coefficient •per u'nit length of the current 
in one cylinder.yith the current in a second parallel 
iio^^eqi^al to the inductance coefficient 
^01 tile current in^the second cylinder with the current 
intthe first ^ cylinder except in the case when the 
t-vfo cylinders are equa>l to'"one another. For example, 
when we have two infinite parallel cylinders we cannot 
assum(^ that they have a ” mutual ’V inductance coeffi¬ 
cient. In the case of a' concentric main there is a 
mutual inductance coefficient between the outer and 
inner conductors when their axes are coincident. If the 
axes of the outer and inner conductor are parallel but 
not coincident tlrere is no mutual coefficient. In these 
cases, ^however, it is proved that the effective self¬ 
inductance of the concentric main is independent of 
the distance* between the axes. The values found for 
the inlluctince coefficients can be at once applied to 
find the effective inductance of a concentric main in 
which the inner or outer or both of the conductors are 
made up of individual wires. 

The second theorem discussed is to find the position 
of the site of a power station when the feeding points 
are givqn so that the amount of copper required for the 
feeding inains^may be a minflnum for the given power 
loss in them.. It, is shown that if tlib current required 
or i^aT: one of the feeding points is equal to or greater 
than the sum. of the currents required at the other 
feeding points,^ then this^is the site winch nlakes the 
copper required for the mains a minimum. If will be 
no^dced^that this site is n'ljt the centre of gravitv of the 
load. • • 

♦ '1 he thh d problem discussed is that of the specification 
*of wave shape for alternators. The deviation and 
harmonic factor methods are examined and found 
.•y^nsuitable. An easy method is suggested for finding 
grapxlically the effective value and the first and third 
harmonics of an alternating current wave from its 
oscfllogram.' If the effective-value of the wave comes 
but equal to*the Lnplitude of the first harmonic within 
the limits of the errors of obsery^ation and the ratio 
of the amplitude of the third to the first harmonic 
bersufficT^ntly small, and if, in addition there is no 
o15a^6us ripple on the wave, then‘it may^be considered 
to be ’satisfactory. If there is obviously a ripple, the 
frequency of wdiich can be measured, its amplitude 
cfhn be readily found by applying a formula first given by 
Silvanus Thompson. Instead of finding the harmonics 
grapliid^ilj^y from the oscilldgram, in many cases it would 
be more convenient to find them experimentally by a 
resonance method. 

The final problem discussed is that of specifying 
the power factor of a polyphase load. In single-phase 
'woi-king the numerical value of the load in watts, the 
value of the power'^factor and whether it is lagging or 
leading are sufficient to specify the load. In polyphase 
work, however, not only have we to consider the load 
and the power factor,.^ but it is necessary to introduce 


another factor to measure the^ balance or the want 
of balance of the currents, taken fsom-the mains. For 
the same total load and average power factor we can 
have all kinds of loads more'^or less desirable. But if 
a balance factor is given in addition, then the nat^are 
of the load is specified much more definitely. A first 
attempt has been made to specify an unbalaiiced 
polyphase load. Ihe autlio^r hopes that ^others will 
follow up and improve his suggestions. 


APPENDIX. 

1. The Inductance Coefficients^ of cylindrical 
Conductors. 

Wh^n electric circuits are completely separated 
fiom one another the ordinary definitions of self and 
mutual inductance apply. When, however, the electric 
currents have paths in common, as for instance the 
three mains of a three-phase system or the inner and 
outer conductor of a concentric main, there may be 
no '" mutuar’ inductance coefficient between two of 
the conductors. That is, the inductance coefficient 
per unit length of one of the mains on the other may 
have a different value from the corresporlding coeffi¬ 
cient of the latter on the former. . 

We shall first consider the ^'coefficients for two in¬ 
finitely long, parallel, hollow cylindrical conductors 
(Fig. 1). Let the inner and outer radii of the cylinders 



be a^, a2 hi, respectively. Let c he the distance 
oo' between their, axes. Then if ii and be the 
currents in the conductors the linkages per unit length 
of the fiux due to between the axis of the current 
ii and a concentric cylinder; of radius c + 62 
written Luif. If ii + i .2 = 0, the cylinders of the 
flux due to ii having a greater radius th3n c-{- 
being linked with ii -f- ^2) will add nothing to the total 
linkages. Similaiiy we can write the linkages of the 
fiux due to the current ii with f2 in the form 
neglecting the cylinders of fiux the radii of 
which are greater than c -j- 62- Proceeji^Ung as in 
Russell’s "'Alternating Currents ” (vol. 1, p. 86), we 
find that 


^11 


and 


a.? r- 3a? 2af log (ao/a-.) c bo. 

+ -StT-'H- 2 log --r ( 1 ) 


2(a| 


Go 


L 


1^12 ■ 


2 log 


c “I" 62 


(2) 


Similarly, when -f-4 == 0, we get by symmetxy^^— 
~ *^ '^1 


hi — 36? 26j log (ho/b^) ^ c -f ao 




• 2\2 


+ 2 log ■ 


h 


(3) 
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and i21 *= 2 log ^ , . . ( 4 ) 

c 

Comparing (2) with ( 4 ) i^we see that L21 = X12 only 
w^hen a2 = 62 - 

The effective inductance, L, per unit length of the 
circiiit formed by the two conductors is given by :— 

L = Lxi -f ^22 — -^12 ” ^21 

Qiim substituting and simplifying we get Maxwell’s 
formula.* 

In the case of solid wires, ^ 0 , a2 = ct, = 0 
anS 60 =T 

c 4 ~ 6 c 4 " 

■^11 == i + 2 log- f X22 = 1 + 2 log- r 

* « I (6) 

c 4- 6 , c + a f ^ 

•^12 ^ 2 log-, X'21 ^ 2 log 

° c c J 

c2 

and X = 1 + 2 log -7 

ao 

As an example of the use of formula ( 5 ) let us find 
an expression for the electromagnetic energy stored 
up per unit length in three parallel cylindrical con¬ 
ductors, 1, 2 and 3 (Fig. 2 ), the radii of the conductors 
being ^2 ^3 distance between their 

axes beings %2> <^23 ^.nci We shall suppose that 



This is true whatever are the relative values of the 
sides of the triangle. 

In the ordinary b^a|}ced thre^-phase case we can- 
write 

|12 = «23 == «31 = n = ^2 ^3 = 

I sin coi^, i2~ I sinjcu^ — ( 27 r/ 3 )] 

and ^3 = I sin [oji ■— 

Hence Tf«, = |(l + 4 log 

which is an absolute cof2sta|^t independent of sfehe 
time. Similarly if hix> • • • be Maxwell’s capacity 
coefiicients and = jB 7 sin ojt, etc., we get 

We^l[hx-hi2)B^ 

where is the electrostatic energy. Hence on a 
balanced load Wq + has the^ same value at 
every instant. It is not easy to cornpute the value 
of Aiii — 7ci2- As it equals double the capacity between 
any two of the mains it can, however, be very easily 
measured. ,, 

Let us now consider a hojlow cylinder (Fig. 3 ) sur- 



H + 4 + h ~ Then the energy stored in the 
field arising from the flux linkages due to is, if 
<^23 <^12 descending order of magnitude, 

given by 


I + 2 log 


%8 + .2 


, 0/-t (J “4“ ^Q 

+ 2 log ——-V 


’r2 

*12 

CK-I q + » 

+ 2 log —^ 

%3 

Writing down, the other two' components, adding 
them all together and noticing that 

'^^+ + 'if == — + '^*2^3 + 

we see that the energy is given by 




{| + 21og^4if 

•+{i + 21og^4i| 

I ^31^2 J 

+ |i + 21og^|^| ' (6) 

I «12^3 J 

Clerk Maxwell, flleciridty and Magnetism," vol. S. 


rounding another hollow cylinder, their axes being 
parallel but at a distance, c, apart. If the inner and 
outer radii of the inner cylinder be and a2, a;|f\d fGf 
the outer cylinder b^ and 63, c + being less than hi^ 
we get the result, assuming that ^ + ^2 = ^ 9,nd ,pro- 
ceeding as in Russelhs “ Alternating Currents ” (vol. 1, 
p. 86), that 

a|-3af , %4log[aJa^) , _ &2^e. 

= ^7I2—“a; ^ W 


2(a|-4if-)‘ -(af-af) 


ao 


ij2 — 1 — 


£21 = 1 


26f 

h\~hX"^h-y 

log^ 


^2 , n 1 &2 “b ^ 


iQg r* + 2 log' 


bo 




. . ( 8 ) 

• • ( 9 ) 


and 


^22 


b\ — 36 f %l\ log 

2(6|-6f)+ (6|-f>!)^" 


. ( 10 ) 


To get the effective self inductance, L, we have 

L ==7 Til + L22--t&i2 "" T21 
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Orj^ SLibst!^tiiting the values of the coeffi^^ients and 
simplifying we , g^t Kayleigh's formula for the 
effective self inductance of two f^axial cylinders. We 
have thus proved the important result that the 
inductance of a circuit formed by two hollow, parallel 
cylindei's one inside* the other is independent of the 
distance between thei!- uxes. ^ It is to be noticed that 
•^12 only equaJ,4^o in the case when the cylinders 
are coaxial. Tlu^ value of Ln depends on c but the 
value of ^22 is im^^endent of c. 

When the inneis cylinder is solid, = 0, a 2 = a, 

and so = |.-p 2 lo|-, the other coefficients 

d '' 

remaini?«g the same. Formulas (1) to (4) and (7) to 
*(10) enable us to write down the formulae for poly core 
cables veiy simjily, without the necessity of using 
formulae for geometrical mean distances, Consider, 
for instance, an 7^-core cable (Fig. 4) the radius of 



pach core Deing a and the axis of each core lining at 
a drfstaixce c from the' a»is <$f a hollow cylinder, of 
^ radii di* arid d^i, by which we suppose the current 
i^tiirns.’ ?..et the current in each core be i, and let I 
bh the current in the return cylinder, so that 
ni + I — 0. If Upgf denote the distance between the 
a^es of the pth and gth core, we get by De Moivre's 
property of the circle :— 


pU-’ X 


ai2;X ai3 . . . aJ;;^ : 

* 

and, writing W for the electromagixetic energy, 

, <^2 + fil . (^2 + 


2W^ ^ I 'F 2 log log - 


+ mj|l - 
+ nil “ 

\8{<g- 


d>f} 


2d? do 

1 ^log-J+ 21og 


d^2 + 

do 


do 

j Iog.J 

di-S d. 


Uf 2dllog {d^d-^)\ 




L22 


Philnfophicat Mamine, 1880, vol. 21, p. 386, or Russell's “ Alternating 
Currents, " vol. i, p. B4. V • 


where L is the effective self inductance of the whole 
circuit, and thus 


^ + - log — + 2 log - ■’ 
2n n na c 




24 


3d| dl 

'^( 4-4 ' (4 - 


log 


do 


^11) 


We see that the effective self inductance is onl^T 
independent of c when n is unity. When we can tcJk-ifc 
^ d, the formula simplifies to 

Ju F ““ tog --— 

2n n nac^“^t 

In the case of a concentric main where the thickness 
of the^ outer conductor is very small compared with 
either of its radii, and n == 1, we have : 


+ 21og 


d 


and L is independent of c. 
When n ~ 6, we have:— 


L = -iV + ^log 


d° 

6ac5 


= ~ 0‘5139 F 21og“ + 


O O 



,o 


o o 

Fig. 5. 

Similarly (Fig. 5) when the small cylinders are arranged 
symmetrically round the large one, we find that 




dl 


3di 


1 , 3dflog(d2/di) 

"T 


2(d| - df) (d| - df)2 


where a is now the radius of the small cylinders and 
dl, d'Z are the radii of the large inner c^inder. If 
dl ^ 0 and d^, == we get 

1/ = i F ty" F ^ log — F 2 log '-z (1^) 

^2nn^na ^ d ■ ^ 


When n is unity, £ = 1 F 2 log —and, when n 

ad 

is very large, £ = I* F 21og~. 

As a numerical example, put^c ^ 2, I, a ^ and 
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n ■— 6. Then tlie effective inductance of 10 metres of 
this cable would be^given b 3 ^:— 

i = 1 000.[^ 4- -Jg- + I log I + 2 log 2y 
= 1 • 8344 microhenrys.’^* 

^ has to be remembered that all the logarithms 
given in this^ paper, are Napierian^ 

If K ber the electrostatic capacity between all the 
small cylinders connected in parallel (Fig. 4) and the 
Oifcer sheath, then by ;^utting c ?2 = ^ supposing 

that the small cylinders are hollow, we see that when 
cf(i and ajc are small, we have, approximately :— 


K. 


2 log - 




y^n — l 


(14) 


A more accurate value of FC got by the method of 
electrical images is given in Russell’s ''Cables and 
Networks,” p. 294. 

Similarly for the cable shown in Fig. 5 we get:— 


K = 


2 log 


nad^^ 


(approximately) 


The prolDlems of bimetallic wires can also be readily 
solved by the formulae given above. Consider two 
equal non-magnetic bimetallic parallel cylinders. Let 
c be the distance between their axes, (o, a^) the radii 
of the inner metal cylinder of resistivity and (ax, ag) 
the radii of the outer metal cylinder of resistivity p 2 ‘ 
Then if ii be the current in the inner metal and ^ 
the current in the outer metal. 




H pMi »i) 

and if the energy be given by lL{ii + 4)" we get: 


1 + 4 log - + -5--- 

^2 \P2^r 'I”" Piwii — ^i) / 


+ 


^pi(p-> 


■3 log (a2/«i) 
f 

Pi)rtf(a| - a‘f) 


+ Pi(«2 — «i)}^ 


(15) 


Putting pa — Pi in (14) we get the value of L for parallel 
cylinders each of radius a^. Putting pg = 0 or 
Pi = infinity, we find that 


T ^ 

1 + 4 log — + 


ia\ 


O.) 


a.> 

(ao — aj)- a 


2a? 


''i ao — aj 


which gives the value of L for two pai'allel hollow 
tubes. I 

W^e shall conclude this section by discussing the 
problem of a thin conducting cylindrical shell (Fig. 6) 
of ^radius d, containing two parallel cylindrical cores 
of 'radii a and b respectively. The. axes of the three 
cylinders are supposed to lie in one plane, the axis of 
thf® shell being at an equal distance from the other 
two. IS we put a ^ h, we get the case of a twin concen- 
* Cf. C. K, Guve, IHO'I, vol. 118 ti, l.'isn iinfl R n P/.ua 

t'Gf< Russeij/s " Alteniatiiig fliuTeuts,” voJ. 1, xj/s8*. 


trie main .a Suppose that + and 4 thf currqjits 
in the cores and that 4 is the cfirtent in the shell. 
Then by the formulae given above find that, if ii + fg 
+ H = 0, the electromagnetic energy,'' W, is given by ^— 

TF=i(f +2 loglog 04 + 2^2 log'"^ . (16) 
In this case 


Ln = i + 2 log ; La, = 2 log 


il2 = L 


' 21 , 


2 log 


a 

d + c/2 ' 


c r 


L 


13 


^23 


2 log 


d +^c/2 
d 


" -^32 = -^33 = 0 


It will be seen that the values of the self and inductance 
coefficients all depend on the value of d^ except when 
is zex'o. Since and ^2 in (16) can have any values, 
we can deduce that the force, F, between the two cores 


is given by :— 



2?‘x4 

c 


(17) 


Flence if ii and are flowing in the same direction so 
that they attract one another and c diminishes, we 



see by (17) that W increases. The work done by dP 
in moving the wires to a smaller distance Ci apart is 
equal to log (c/ci), and this, by (16), is equal tp 
the concurrent increase in the value of the eiief^y W 
stored in the field. This is a particular case of Kelvin’s 
theorem. 

With alternating currents the ni^an value of F is 
( 2 ^ 11^2 oos (^)/o, where ^ is the phase difference between 
il and 4, and and -42 are their effective values. 
The force is attractive when. (j> lies betweefr {10°<'and 
— 90°, and repulsive in other cases. 

In the preceding problems we have supposed that 
the current is uniformly distributed over the cross- 
sections of the cylinders. With high-freqiiency curreitts 
this, however, is not the case. With very high-frequency 
currents, the currents are practically confined to the 
surfaces of the cylinders. Approximate values .f for 
the coefficients can be found in this case. 

II. The Best Site for a Power Station. 

In considering the best site for a power-station it 
is helpful to know the position of the site for which 

^ Russell, “ Alternating Currents,” vol. 1, p. 41. 

t Rus.sell, Ppoceedinga of the Physical Sof^^ty, 1918-1910, vol. 31, p. 111. 
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the coppgr required for the feeder mains ^ would be 
a fninimuin. In n^ny cases the most suitable site is 
determined by locUl conditions. We have to take into 
account, for instaac^ the cost^rthe site, the facilities 
for obtaining fuel, the available supply of condensing 
tyater,-Whether W 2 ]jyleaves can be obtained'^ and at 
what pricp,. and many* gther oonsiderations. A discus¬ 
sion ' of the simplified problem, however, leads to 
interesting resiilfs" whi^h are of practical value. 

Formerly the anly case considered was when the 
iractional loss of ■&fb energy was the same for every 
feeder. In,this case it follows almost at once that the 
site of the power station which makes the volume of 
the copper used in the feec?er mains a minimum, 
is the centre of gravity of the load. To get, however, 
the minimum volume of copper required for a given 
total power loss, it can be shown that the fractional 
heating loss in the feeders must be proportional to 
the length of tli^,;feeders.* 

Let us first assume any site B and let and be 
the length and cross-section of the feeder from B to 
the 9 ith distributing station Let the current taken 
'by this* station have a fixed value, and let P be 
the sum of the power losses in all the feeders. Then 
f(u* a given value of P the requisite volume of the copper 
has its minimum value V, when f 


II 

Si s^y 


P _ 


( 18 ) 


where p is the Volume resistivity of copper. It readily 
fol]ow.s d^lmt 


F - + •••)-« • (19) 


\Vc*See ;that for hny givem site the cost of the copper 
is reduced *to a minimum when the current densities 
'im the feeders are all equal and are given by the 
Equations (18). If this value of the current density 
be too high, then the maximum permissible value of 
tl^ current density should be used. This is a useful 
theorSn. 

We now suppose that the position of the site of the 
pow^* station is varied, P, Jj, lo, etc., always having 
tlie same values. *In this case we see from (19) that 
V depends on the square of the vakje of the expression 
‘f UI 2 i- . . • It is therefore of importance to 
keep this Expression as small as possible. Mr. Carro- 
theT.^J has .suggested a simple mechanical method of 
finding*the point or points where J!}! has a minimum 
value. A few general rules, however, can be given 
which enable* this site to be found at once in special 


cases. 

Let ustirst suppose that there are only two distributing 
centres, A^ and A;j (Fig. 7), and that h ^ J 3 . In this 
case m -= (^x -h h)h* F has its absolute 

minimum value V^nin, ^^ery point on the line AxAg. 
A considerable latitude^ is therefore allowed to the 
electrical engineer in this case. So long as the power 
station is not far frbm the line A 1 A 3 the expense for 
the necessary copper will be near its minimum value. 

Jmmtal LK.K„ 1021, voL P* 1^' „ .vw 

IbiJtf cit, t IbuL) 1121, vol. o9j 15. 97. 


Let US now suppose that “ 1 4 ; and that A 2 A 4 
intersects AiAg in B. Then-B is obviously the required 
site. The position of B is independent of the distances 
of Ax and A 3 from it, so long-^as their loads are equal 
and they are on opposite sides of B. Similarly the 
positions of A 2 and A 4 are immaterial. It follows In 
the limiting case, when the lengths of BAi and BA 2 
are zero, that B is-^still the ^most economical centre. 
Hence if we have three distributing stations and the-, 
load at one of them is equal to or greater than the sipn 
of the loads at the other two, tiie station taking the 
heaviest load is the -fnost economical site. 

Similarly if there are n stations and the load at oTie 
of them equals or is greater than the.^um gi the loads 
at the others, the station taking the heaviest load gives 
to F its absolute minimum value ^ 

If the power station is already erected, then, by 
properly choosing new distributing stations, the copper, 
required for the mains for a given power loss in them, 
can be made a minimum. A much greater latitude is 
permitted than if we were bound by the rule of choosing 



the centre of gravity of the load as the generating 
centre. 

In any given case we first choose the site so that 
is as small as practicable. We then apply Kelvin's 
theorem as follows. Let us suppose that the mains 
are loaded for H hours per annum, that the price of 
generating energy is q pence per kilowatt-hour, that 
the cost of a cubic centimetre of copper is r pence, 
and that interest plus depreciation is to be taken as 
10 per cent. If M denote the total annual cost of the 
energy expended in heating the mains, together with 
the annual interest plus depreciation on the initial 
cost of the mains, w.e have by (19) :— 

gJfP’ , r 

^ 1000 10^ p 

If we now vary P, M has its minimum value when 
p 2 === 400(2^x/x + ^2^2 H-' • • 

Substituting this value for P in (18) we get; 

and the current density in all the mains is 10 (r/g 2 !?p^^. 


III. The Specification of Wave-shape. 

In connection with dangers from resonance, and the 
trouble that may be caused by interference with neigh¬ 
bouring telephone circuits, it is desirably to have alter- 
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nators -wMcli give sine-shaped waves of E.M.F. under 
all conditions of lo%d,' Failing this it is desirable that, 
at least on open circuit, they should give sine-shaped 
waves. We have therefore to test the purity of the 
wave,. The physical method of.doing this is to deter¬ 
mine the amplitudes of the harmonics in the given 
waf/e by resonance methods similar to those used by 
Armagnat ^aiM Pupin.* think ft would be easy to 
^standardize a method of this kind. Many manufacturers, 
J;ic^wever, think that it would be better to apply some 
graphical method to'^the oscillogram of the E.M.F. 
wave in order to test its depart«re from sine shape. 
In this note, therefore, the author will only discuss 
graphical methods. 

The correct basis to (determine whether a given wave 
approximates with sufficient accuracy to sine shape or 
not is to know whether the ratios of the amp^litudes 
of the third and higher harmonics to the amplitude 
of the lirst harmonic are less than certain specified 
fractions. In many cases one or two simple measure¬ 
ments will serve to reject the wave. As some of the 
methods in use seem unsuitable it will be helpful to 
give a brief fesitmi of them and suggest more promising 
methods. Alternating waves only will be considered,, 
that is, waves for which 

% — == /(ii? --h A/2) == /(ir -f- A) 


purpose, hut for the practical determination of the 
harmonics it is not suitable as is laborious and 
theoretically inaccurate. ^ ’ 

The method the authcjr adopts is tb take the .Fourier 
solutions for and 6^, which are given in the form of 
integral^, and use, methods of evaluating them which 
are well known to mathcTmatici'afis and ^actuaries. 
Fourier showed that*" 





jSTow since 


yiix is simply the area enclosed between 


a curve and the axis of x, we see that and are equal 
to the areas enclosed by the curves, 


( 27rx\ 

-J-) • ■ ,• • • ■ (24). 

2'itx 

X 


and 


y — /(^e) sill 



where A is the wave-length of the complete alternating- 
current wave, It can be shown that 


2n 


2 rr 


y = ai cos -yx -f cos + 
A A 


-f bi sm -jX -{- &3 sm 3 -j-x + . . 


( 21 ) 


The amplitude of the { 2 nl)tli harmonic is 
aud ‘its phase lag [see ( 26 )] is given 
by tan = ^2?t+i/&2w4.i- In (21) the standard 

practice is to write the coefficients a for the cosine 
terms and the coefficients b for the sine terms. 

During the past 100 years several mathematicians 
have suggested that if we neglect all terms of order 
greater than 2 n -}- 1 in (21) and take ^ the values of 
y corresponding to 2 n different -values of .t, we get 
2n, equations from which the 2 n constants aj, ag ,, . a2n*f i 
and hi, &3, . . . 627H-1 can be found. Obviously for high 
values of n the method is laborious, but several ingenious 
schedules have been devised which reduce the labour 
to a minimum. 

It is evident that we can only be sure that the 
results found in this way are correct when the harmonics 
higher than the {2n -f- l)th are not present in the 
wave. What Is done is to find the curve of the form 
(21), where a2,i+i a-^d 62W+1 the highest terms 
on the jriglit-hand side, which passes through the 
extremities of the ordinates yi. ^ ^ Vur and then 
assume that the values of , hi, , give the 

required Fourier coefficients. Gaussf showed that this 
^thod can^ be used for interpolation, and applied it 
to astronomical problems. It may be useful for this 

vol. 2, chap, iv, 

C. F. Gauss, ^ VVWrke,’* baud 3 , p, 2(55. ■ 


from 0 to A multiplied by 2 /A. 

The problem is therefore reduced to that qf finding 
the area enclosed by a cifrve. If we use.the planimeter, 



Fig. 8. 

however, it would be necessary to draw tlie graphs 
of ( 24 ) and ( 26 ), and this would be laborious We 
therefore use the methods of graphical quadrature 
and draw ordinates.'’* By di'awing a sufficient nuinber 
of ordinates we can find, tIieoreti«ally. at lea.st, tlio 
values of % and b^i to any required degree of accuracy. 

In practice the dfccurate measurement of the lengths 
of 11 ordinates of the given wave is abo^iJt all tliat 
we could reasonably demand from an engineer.. 
suppose that the base of the positive half of the fvave 
(Fig. 8) is divided into 12 equal parts and that ordinates 
yo> Vh 2/2i * • * ?/i2 erected at the extremities of tligse 
parts. In practice y^ — 0. 

With eleven oi'dinates can calculate with ^mffident 
accuracy the value of the first harmonic,* the tliird 
harmonic and the effective, or root-mean-square, * value 
of the wave by means of the formulae given l)elow. 
These values are often suificiejit to enable us to judge 
the wave.. In alternating-current notation we .siijqKise 
that the wave is given by 

6 =« B'l sin [ojt — ai) 4- sm ( 3 cot - a.}) 4- ,. , ( 2 (^ 

* Rvbbmll, “ Altenmllng vol. 2, p. 132. 
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Then simplifying the formulae given ij}. Russell’s 
‘'Alternating Currents” (vol. 2, p. 132) we get:— 


JEJ'x sin ai 


iind 

El cos ai 


h 2/4 “ 


2/8/ + 4o'(2/2 ■ 


%o - Via) 
n 3^/2^ 

+ “^(^3 - 2/?) + 0-241(3/1 - 3/iiJ 
+ 0 - 066 (j /5 — yi). ... . 

a/3 

^ A te'Hi 4i/o + 2/io) -|- -7;r(2/4 + J/s) 

T A 

+ -^(^3 + »,9)^+ 0'241(2/5 + 2/7) 
+ 0-005(i/i H-j/11) . . . . 


■S/ 10 ) 


(27) 


s/ll) + ■'2or'^2/9 


S/s). - ,(29) 


. . . ( 28 ) 

Squaring and adding the values of E-y sin ai and Ei cos ai 
given by these equations, we find Ef and thus we can 
find El. 

Similarly, we> have :— 

Es sin as = /o Cs/o - 2/i + 2/8 - S/ 12 ) 

, V2, . , 

+ -^( 2/1 + S/7 - 2/5 - 

and 

Eq cos as = •a\» ( 2/2 + 2/10 “ 

a/2 

-I- {^1 H- 2/11 - S /3 ■ 

Hence jG7s is easily determined from'1:hese two equations. 
If V he the effective value of e, we get by a double 
application of '’Weddle’s rule for finding areas :— 

^ = Jo {2/0®+ ?/l + ^4 + ^ 2/6 + 2 /| + 2/10 +1^12} 

-f* i(2/i + 2/5 + 2/7 2/11) H~ T(y(2/3^+ 2/|l ■ ‘ 

Table 1 has been computed by means of (Ss), (30) 
an«^ (31J. All tlie waves> being symmetrical, . ai and 
are €^erb. 

Table 1. 


22/6) 

3a/2 

■“-2/7) + "■^^2/3 + 2 / 9 ) 


(30) 


Shape 

Umax, 

7 

El 

E3 

Rectangular 

1 

1 

1-273 

0-424 

CircJiilar 

1 

0*816 

1-134 

0-188 

Parabolic . . • 

1 

0-730 

1-032 

0-038 

Sine ., ,. 

1^ 

0-707 

1-000 

0-000 

^Circular tppped .. 

1 

0-707 

0-999 

-0*013 

Triangtilssir 

-— 

1 

0-577 

0-8,11 

-0-090 


(32) 


As we always have 

‘'2V^- = El + El + El+ ... . . 

this suggests that the harmonic factor f which equals 

{2F2_JS;|-}i {El + El -f . . .}* 

' ¥i JBi 

might be taken as a criferion for sine shape. From the 
table given above we see that for a rectangular wave the 

‘ The top T^rt of this curve is the quadrant of a circle of radius unity. The 
tangents at the ends of the. quadrant 'fotm the rest of the wave. They are 
inclined' to the axis at ari angle of 45°. ^ _ . 

t Bedell, Transactions of the American Inshtnte of JSlectncal Engineers, 
1915, vol. 3-1, p. 1136. 


harmonic factor is O'-iS; for a circular wave 0T9 ; 
for a parabolic wave 0* 04 ; and fpr a triangular wave 
0*12. Unfortunately, for waves which are very approxi¬ 
mately sine-shaped, V and 3i have to be determined 
with an accuracy much exceeding the probable accuracy 
of the measurements of the ordinates in order to get 
an accurate value for the harmonic factor. H is 
therefore of little if^e for the, end we haVe in view. 

Another factor that is often used is the " deviatioai 
factor.” This factor * is defined as follows: “ Tl^^^e 

deviation factor of a wave is the^ ratio of the maximum 
difference between-^ corresponding ordinates of the 
wave and of the equivalent sine wave of equ^ length 
to the maximum ordinate of the eq>fuvalent sine wave 
when the waves are superposed in such a way as to 
make this maximum difference as small as possible^” 

To ^examine this definition, let us consider those 
waves for which e has a large maximum value when 
cot in (26) is 90° and for which ai = as = . . . = 0. 

In this case the deviation factor is 

, (Ef + El + . . .)i -Ei+Es-E^+ ... , 

{El + El + . . .)i 

Tliis fraction is a complicated function of the amplitudes 
of the harmonics, and there is no mathema'iical reason 
why we should adopt it. By considering special cases 
also it can be shown that the value of the deviation 
factor varies with the time-lags of the various harmonics. 
There seems to be no justification for using such a 
definition. 

As formula (31) is new some may hesitate to accept 
it. As we have so many ordinates, however, the 
ordinary formulae for F^, namely, 

12F^ — ^ + 2/i ■+• 2/1 + • • • + 2/ii • W 

A 

or better, 12F2'=rf +r| -f .. . +5^i2 • • • 

where Yi, ordinates at the midpoints of 

the portions into which the base is divided, may be 


Table . 2. 


Shape 

Error using (A) 

Error using (B) 

■'---^^ 

Per cent 

Per cent 

Rectangular ., 

Correct 

Correct 

Circular .. .. 

0-7 high 

0 • 3 low 

Parabolic .. 

0-005 low 

0-004 high 

Sine... 

Correct 

Correct 

Circular topped . . 

Correct 

Correct 

Triangular .. 

1- 4 high 

0-7 low 


used. Table 2 shows the errors introduced, by these 
formulae when applied to find F^. 

It is curious to notice that if we divide the base of 
a sine wave into I'l equal parts and use formulae similar 
to (A), and (B) we always get the correct answer in both 
cases. The result given by formula (31) gives the exact 
answer in all the cases considered, above. 

* Standards of the American Institute of ^lec^ical EnSineers, "Def. 3274,1921. 
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It is not difficult to find a case where using (31) 
would introduce an error. Take, for example, a sym¬ 
metrical trapezoidal wave fhe top part of which is 
a line parallel to the basse and equal to one-third of 
it. If the maximum height of the wave is unity, we 
have:— 

bv *(A). 
by (B), 
and by (31), 

The true value of F^is fj, .so in this case (31) actually 
gives the greatest error, V deteamined in this way 
bemg nearly 0* 8 of one per cent too small. The reason 
of this is that tljere are two points of mathematical 
discontinuity in the wav^, and (31) has been obtained 
on ^'the assumptions that smooth curves have been 
draivn through the extremities of the ordinates 
yi> • • * 2/6 3 -nd through y^, yj, . , , ?/i 2 . As points of dis¬ 
continuity do not occur on practical waves, (31) is the 
safest formula to use. By the use of similar formulae 
actuaries check tables of mortalitywhich are 
obviously governed by no simple law. A serious 
objection to using (B) is that it entails the labour of 
measuring the lengths of the 12 new ordinates Yj, To, 

. . . Fi2. 

Four additional formulae,* which are useful when 
judging wave shape, can be written down at once from 
(26). A¥e get 


1^— (i(l + 

rio) 

y- - {i (i - 


sin ai -f- sin a 3 -f- -^5 sin <^5 -F • • • ^ 2/0 • (3^) 

£Ji cos ai — cos ag + jE ^5 cos ag — . . . = 2/0 * • (3^) 

JS/jj sin as F JS '9 sin + JEi^ sin aig + . • • 

= ¥ ( 2/0 - 2 /*! F 2 /ti) • (35) 
jE /3 cos 0.3 — cos ag + jE?i 5 cos ai 5 — . . . 

= 1 ( 2/2 ~ 2/6 F 2 / 10 ) ‘ (36) 


No new measurements have to be made as we are 
using the same ordinates as those y^e used for deter¬ 
mining sin ai, Ei cos a^, JE^ sin as and JE^ cos as, 
If i/Q — JEi sin ai is not very small compared with 
then by (33) some of the higher harmonics are appreciable 
and the wave could be rejected. Similarly by ( 34 ) 
2/6 ““ cos ai must be very small compared with Bi. 
Two other similar conditions are got from (35) and 
(36). If any of these four conditions is not satisfied 
the wav5 can be rejectei^ It does, not necessarily 
follow that if they are satisfied the wave is approximately 
sine-shaped. But if 'y/2F — is equal to zero within 
the limits of errors of measurement, if also is 

a very small fraction and the four conditions stated 
above ar^ satisfied, the curve might be accepted, 
provided there were no obvious ripples on it. 

If ‘tkere is a ripple on the wave the frequency of 
which shtiws tliat it is a harmonic of frequency m, 
its amplitude could be accurately determined by the 
following ^equations 
•, 

EmSiad^ 


1*J ^ 

2w1 + - y (2OT- i )x )■ . 

L 2 w 2 w 2 m J 


Vf.1 of the Physical Sodetvf ltHi 

Yol. 23, p. dS-l, or Kijsseu’s “ Aljeriiatirig Currents,” vol. S/p. 128, 


101(K1{)3 


COS a^ 


1 

2m 


y± “ 2/^ i* ^ “ 

4m 4m ’ ’4'W 


y{4m — 1i)K r 
' 4 m J 



where, A ^ the wave-length of the complete alttoating 
wave. fi ^ c ^ 

As an example, consider a rectangular wave of height 
unity. In this case y'2F — .S7f = 6^141 ^ and 
== 0*333. Neither of the first two ^"conditions would 
be admissible. Formulae (33) ancrT( 35 ) are satisfied,« 
but (34) and (36) give — 4^273 an5 — neither 

of which would be admissible. ^ 

As another example ^consider a semi-circular wave 
of height unity. In this case y'2F — =? 0* 021, 

= 0-166 and (34) and (36) give —0*134 and*" 
0*070. Remembering that'.£7x is 1*134 we »see that 
any of these four would reject the wave. 

This section may be summed up as^fqllows. Neither 
the harmonic factor nor the deviation factor is of much 
use in determining whether a wave is approximately 
sine-shaped or not. At present it does notrseem feasible 
to measure graphically with sufficient accuracy the ■ 
high harmonics of a wave. We can, however, measure 
without much labour the values of the amplitudes of 
the first and third harmonics, and the effective value 
of the wave, with sufficient accuracy for practical 
purposes by only measuring eleven ordinates. From 
these values we deduce critical formulae which enable 
us to rule out certain waves. Visual comparison of 
the so-called equivalent sine wave with the wave being 
inspected might be used. But unless the twb^ curves 
are practically coincident the methods described above 
are pre^^rabl% A method of finding the accurate 
value the amplitude of ti harmonic ripple on ^ the 
wave is given. . 

If this graphical method or an improved gj^aphical 
method on similar lines be not acceptable^ we shalji 
have to fall back on experimental methods of finding 
the amplitudes of the harmonics. The wave can only 
be judged when we know its harmonics or superior 
limits to their values or to the sum of their valises. 


IV. The Power and Balance ’Factor of a 
Polyphase Load. 

The author has previously discussed * 'sj^iether it 
is possible to^define.the power factor of a polypha^se 
load in such a way that a knowledge of its yalue^will 
be of assistance to an engineer in judging the desirability 
or otherwise of a given unbalanced load, ht was proved 
that if the power factor were defined in a certain way 
and if, in addition, a quantity called the "'^balance 
factor '' wex'e defined, then a knowledge of tlfeir values 
would be a help to the engineer. It wilT be useful, 
therefore, to give these definitions and to give also 
a rdsumd of the theorems on ’^hicli they are founded. 

Let us first consider a three-phase case where the 
voltages between the lines are all eq^ual and their phase 

♦ Faraday House Journal, 1922, yol. 9, p. 73. See also the^many instruc¬ 
tive papers on polyphase power factor which were read at the Annual 
vention of the American Institute of Electrical Engineers held at White 
Sulphur Springs on Jane 29, 1920. 
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differences’conseqiiently are also equal, li^w denote 
the instantaneous, y^lue of the power supplied to the 
lead, we have, with the usual ^qfation :— 

A-ssuming that ei ^ E sin sin [oyt — 120^') 

and 63 =’a; sin>(aj^ ~~ 240°), a^d writing V for the 
effective value of an^ A^, and for the effective 
values of ii^ and^i^ respectively, we get, if denote 
the phase differences between and ii :— 

FALi^ cos — C(j>s ( 2 jo^ — (j>i) }■ 

+ T'h 42 'x cos ^2 “ cois ^o}t ~ ^2 — 240°)} 

+ F .43 { cos cos {2cot -- 9^3 - 120 °) } 

== R cos cj) — Q' cos {2cot — y) . . . . . , ( 39 ) 

where 

Rcoscj) ^ VAi ccjs,j&i -I- VA .2 cos ^2 + VA 3 cos (^3 (40) 

(J'l: =.F2[2.4f + 2 S 4 i/t 2 cos { 9^1 - 9^3 + 120 °}] 
and tan y 

= sin + Az sin (^ 3 + 240°) + A^ sin ( 9 S 3 + 120°) 
Ax cos 961 + ^2 cos ( 9 J 2 -|- 240°) + J .3 cos (^3 H- 120°) 

Since + ^3 = 0, we easily deduce that 

0 = + 22^1^2 003 {<j>x - 9^2 - 120°) 

Hence 

Q'-2 _ 272|’24i - S4i^2 cos 9 ^ 2 )} (41) 

the quafttity T^' iS measured in volt-amperes and gives 
the amplitude oJlj the double frequency ^mpo^Ment of 
the instantaneous power. \Ve see from (41) ^fhat it 
does^^ not vanisli when ^ ,^2 = ^3 = ^ unless we 

have alsQ Ai ^ Ao — - 4 . 3 . 

-•This shows that to specify a given load usefully we 
must know not only how t%e phase differences are 
balanced but also how the currents are balanced. The 
first term on the right-hand side of ( 39 ) gives the 
average total power taken by the consumer. From 
analogy with the single-phase case we have denoted 
this by R cos (J), E has the dimensions of volt-amperes 
but we have not y*et defined R and 

In order to fix our idea5 and see the nature of the 
problem more clearly we shall have recourse to geometry. 
We ahall ni^ke the theorems more general by removing 
the^ restrictions about the amplitudes hi 3 >d shapes of 
the E.M.F. waves. To simplify them, however, we 
shall only consider the three-phase case. 

By means of three ordinary wattmeters we can read 
the power taken at the terminals 1 , 2 and 3, Let the 
readings-ibe F^^lx cos F 2 A 2 cos <^2 I^ 3^3 COS (^3 

respectively. From analogy with (40) we write :— 

JK cos<^ = EFxAi cos^i . . . . (42) 

Similarly by a meter fof the wattless current we find 
Fi.4x sin F 2^2 sin 9^2 I^ 3'48 sin It has to 

be remembered that *any of the meters may run back¬ 
wards. If the wattmeter connected with the first 
iRain run backwards then (j>i must be greater than 
| 7 r or less than. — 

VoL. ()2. 


We now fix the values of R and cf> by assuming that 
they are connected by the .additional equation 

R sin^i = SFiAi sin^Si ■ • • • (43) 

Equations (42) and (43) show that if we draw- 
forces ViAj, ¥ 2^2 U 3 A 3 inclined to the axis of 
X at angles (j)^, ^2 fken R gives t^e magnitude 

of their resultant and makes ah angle cf) with the axis. 

In Fig. 9, let OQi = Fi^j, OQ 2 = V 2 A 2 and OQs = F 3 . 4 . 3 . 
Let also the angles QiOX, Q 20 X^Sind Q^OX equal 
(j )2 and 9^3 respectively. This diagram pictures the 
volt-amperes taken Sy the consumer and the pha,se 
angles at which they are taken, but otherwise it has 
no physical signification. The qua?itity ^R is the 
resultant of OQi, OQ 2 and' 0< 93 : If G be the centre of 
gravity of the triangle QiQ 2 Q^, by a well-known theorem, 
in statics, R == 3,0(x, and the angle GOX equals </>. 
R and are therefore the same wherever Qi, Q 2 and 
^3 are, provided that the centre of gravity of the 
triangle formed by them is at G. Of the loads that 
have the same R and cj), some are obviously more desirable 



from the supply point of view than others .VA know¬ 
ledge of R and (j> gives us no information about the 
lack of balance of the currents. We have therefore to 
find an expression which measures in some way the 
want of balance of the volt-amper*es. 

Let OQi = OQ 2 -= R 2 and OCg = R^ (Fig. 9). 
By algebra vve have 

3{Rl -f- J?| -I- i?|) = {Bx + + (-^1 - 

+ (iJa - Bsf -f {B.^ - Bx)^ 
Hence we see that, for a given aggregate value of the 
volt-amperes, -|- i ?2 + -^ 3 . V'3{i2f + i2| -|- 1 ^ 1 ) 2 ^ has 
its minimum value, Ri -|- it !2 + R^, when = R 2 = -^3^ 
i.e. when the volt-amperes are balanced. From Fig. 9 
we see that when -j- jK 2 + R^ is fixed, has its 
maximum value Ri + R 2 + -^3 when = (j )2 == (j)^. 
lienee for a given aggregate value of the volt-amperes, 
R is less than >\/3{Ri + -1^1 + except wSen both 
= i ^2 = ^3 9 f»i = 9^2 = 9 ^ 3 - This suggests the 

following definition of the balance factor, b 

2 _ 

3 (R^ -f- + 1^3) 

It will be seen that the greater the value of b the better 
the balance of the load, and that when b is unity the 
load is perfectly balanced. 


2 
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It may be objected that (44) is a purely artificial 
definition. That it" has soi 3 g.e physical as well as geo¬ 
metrical significance will appear if we introduce the 
definition of the lack of balance, or unbalance'' 
faotor u of the load. We define this quantity by the 


equation 


3(Rf + R| + Rf) 




where = Q 1 Q 2 + " 32^3 + Q 3 Q 1 ~ the sum of the 
squares of the sides of the tria^pgle Q 1 Q 2 Q 3 (Fig. 9). 
The value, of -w is zero when the load is balanced, and 
it has its maxin^jim value of unity when H is zero and 
G coincides with O. 

r’By considering the moments of inertia of three equal 
particles placed at Qi, Q 2 and respectively (Fig, 9) 
about axes at O and G perpendicular to the plane of 
the paper, we get at once that 

Bf + Bl + Rl=3.Oa^ + GQl + 6Qi + 0Ql 

Hence 

3(Rl + iJf + S|) = ij2 + 3(G«f + GQl + GQl) 


It follow& that 


q. ^2 ™ j 


(47) 


It is to be noticed on our assumptions that Q 1 Q 2 
is the vector difEepnce between Bi and B 2 , Q 2 Q 3 is 
the vector difference between E 2 and R 3 , and QsQi is 
the vector difference between and Bi. Flence Q 
is the vector sum of these unbalanced volt-amperes 
supposed to act at right angles to one another. . 

If we rotate the triangle Q 1 Q 2 Q 3 (Fig. 9) about its 
centre of gravity, G, we get different simultaneous 
values of B 2 and B^, all of which have the same 
B, Q, 6 and u as the original load. Every triangle 
QiQ 2 Q 3 > 'the sum of the squares of the sides of which 
is and the centre of gravity of which is at G, will 
give values to B^, B 2 , R 3 , <^i, f />2 and which will give 
the same values to B, u and or to R, b and <f>. None 
of the members of the group of loads which are specified 
by B, b and cj) seems to be appreciably more or less 
attractive to the supply engineer than the others. 
We therefore suggest that for a rough specification of 
the magnitude and character of a given load it is 
Sufficient to specify values for B, 6 and <j) respectively. 

We see that B is the value of the aggregate volt- 
amperes when == <^2 9^3 = 9 ^. L may therefore be 


called the*' equal phase volt-amperes '' of/'the giyen 
load. 

From Fig. 9 we Jhat 

= QiQ” 2 + Q2QI + QsQl 

and when Vi ^ V 2 = == F WQ get 

<32 = ~ '^Aj_A 2 cos { 4 ,^ <^ 2 )] 

= 

Thus for sine waves and balanced# volta^^es 

w B cos — Q^os . . (48) 

Q in this case has a definite physical meaniitg. It is 
the amplitude of the double frequency component ai 
the instantaneous value of the power. Hence b and 
u have physical meanings. In general, B and Q are 
connected with the volt-amperes by the simple 
relation (46). * • 

It may be asked why do we not take QHl as the 
measure of the unbalance of the load. , The objection 
to this is that QjE can have any value between zero 
and infinity. In my opinion it is better to-use a balance 
or an unbalance factor which cannot be greater than 
unity. ■ 

Let us now consider how the quantities B, b and 
^ can be measured. We can easily measure the 2 :) 0 wer 
and the wattless vplt-amp^res taken at the three feeding 
points, by means of a wattmeter and a meter for the 
wattless volt-amperes.* Denoting these readings by 
Bi cos cj)i, i ?2 cos ^ 3 , Bi sin ^ 1 , sin and 

Rg sin (p 3 respectively, we get:— 

i? »os r/) •= Bi cos c/)i -f- B2 cos ^2 ^ ^ 

and i%sin 9^ == Bi sin + ^2 sin ^2 + -^3 sin 963 b 

Thus B ~ [a^ -j- b"^)^ aTid tan^i = hfu. We detefhiine 
tan <f)i and therefore by dividing the reading of the 
wattless meter by the reading of the wattme*ter. Herfce 
we find cos(/)i and, dividing the reading of the watt¬ 
meter by cos(/)i, we get Rj. Similarly we get and 
R 3 , We then find b easily by (44). 

This procedure seems lengthy at first sight, but it 
must be remembered that a three-phase consumer can 
take a given amount of power iri^ an infinite variety 
of ways, some of which v;ould be very objectionable 
to the supply engineer. Doubtless simpler methods of 
determining JP, b and 96 will be discovered. Instruments 
also may be .devis.ed for determining these quantities 
at once. 
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By C. T. Allan, Member. 


(Abstract of Address delivered at Cardiff; 15^^ October, 1923.) 


I Wisli to dgal to-^iiglit mth a subject that has been 
in my mind* for a long “ftine past, namely, the training 
and, more particularly, the ‘s-kitus of the engineer, 
especially the electrical engineer. 

• First of all a few words about the training of young’ 
engineers—the youths whose capabilities will in the 
near future determine the position wliich G-reat Britain 
is to occupy among the engineering nations of the 
world. • • 

I soiTuatimes ash myself if we are not too intent upon 
producing crjiftsmen—skilled manual workers—and 
too often forgetful of the demand for thinkers, men of 
brains with creative ideas and higher technical know¬ 
ledge. The latter species must always be rarer than 
the man with clever hiigers ; but that is all the more 
reason for seeking him out and cultivating him. 

Take two average young men who desire to be 
engineers and whose fathers, witlp. average family 
expenses, •can only afford to pay for two or three years 

training. • ^ 

Assume, that one of the young men apprentices 
iiin5self,*j.s taught, craftsmanship, and attends evening 
classes (if he is near them). At the end his training 
he is. at best an* average craftsman or draugh^an— 
if indeed lie has :got been left in a groove as a/ turner 
or £f'fittdr,.or specialized i!i s&me particular work for 
.which hiS foreman thought he showed an aptitude. 

* Assume 1:hat the other young man takes a course 
at a technical college and takes his diploma or degree 
after he has been trafhed to use his brain. His hands 
wi*! pmbably have been fairly well trained in the college 
workshops and during the vacation courses at the 

neighbouring works. . 

Both young fejlows then ’ begin seeking further 
advancement. After mai^iy vicissitudes they will 
advance, but when they reach the-age of thirty, one 
of them will be holding a more important job than 
the bther ^ I am sure that that one. will be the one 
with^the trained brain. He will more qu?ckly be able 
to grasp and solve problems. He will understand 
more intelligeiitly.the meaning and use of the practical 
appliances that surround him. Both men at the start 
may have to take jobs as labourers to keep themselves 
alive bul: i know which one will take most advantage 
of every step that leads to the top. They may neither 
of them continue to earn their living as engineers, but 
still the acceleration of the man with the trained bram 
will be the faster. I am not speaking of freaks, or 
what I term “ braii^S on legs/' but of average level¬ 
headed men. 1 . . . 

I think that the fetish of manual training is often 
overdone, because the present-day machine and mass- 
production methods may often leave an apprentice 


with little knowledge beyond that of operating one or 
two .machines. I ai^ not decrying manual training 
in reason, but I remember that the late war showed 
that an intensive course quickly made raw material into 
specialized craftsmen. I expect that some of you saw 
lawyers working lathes, women welding joints, ih- 
surance^ agents as colliers, and publicans firing boilers, 
as though to the manner born. (Moreover, a civil 
engineer does not take any part of liis training at a 
bench, and a marine engineer to obtain his certificate 
must, in addition to his practical work, also have liis 
brain trained.) 

Some of the Continental nations do not allow an 
engineer to practise until he has taken his degree, and 
it is from these nations that we have to expect fiercer 
and still fiercer competition in the coming commercial 
war We must be prepared to go one better'^and make 
an even better product than they to keep our place 
at the head. Did not the engineers’ war, as it was 
termed, prove that after the men of the British Empire 
got into their stride they were supreme on the sea 
and under it, on, the land and over it? ^ 

When the coniing commercial war anives we must 
be alreadv in our stride, by preparing the brains of those 
who are to succeed the young fellows who gave their 
lives for their country. I believe that this advanced 
training should be within the reach of all, even free ot 
cost if possible, and the money spent for such a 
would be r(^turned a hundredfold, nay a thousandfold. 

Doctors cannot .practice until they have taken their 
decree ; the same is true of clergymen marine engi¬ 
neers must have a certificate. The trained mind and 
the trained mind alone can enter into the professions 


and the higher branches of business. 

Our own Institution is leading the way to the pro¬ 
duction of a technical engineer by its Associate Member¬ 
ship Examination. This is a ste’p in the right direction, 
but much remains to be done. It has too long een 
an accepted belief that the technical man can have 
no proper grasp of business methods and toance We 
might be poets and dreamers for all the faith that is 
displayed by some people in our knowledge of economcs. 
And so we see big undertakings which ^re essentially 
engineering concerns under the charge of actuanes, 
accountants and other specialists.,in '' business methods. 
On engineering matters these people may be even more 
ignorant than we are of the niceties 
accounting, and they must rely on the advice of their 

technical staffy ... j ^ 

still, it is undeniable that money talks—and so our 
young men must have soimd training on the manage 
ment of' that eloquent commodity, far as I can 

find, none of the technical coHeges teaches the art of 
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economically spending money. Yet an engineer has | 
been described as a man v^o knows how to do a job | 
for one pound that anyone else could not do for two. | 
Wliy not encourage him to learn how to do it for ten | 
sllillings, by discovering as a student what an invoice j 
is,#what happens after he has made out a requisition, j 
what a cost^heet looks like and 4 vhat it is for, what : 
^accounts fbr the margiii between profit (success) and I 
loss (failure) ?. * 

* If the commercial «side were added to the training 
of an engineer, then we might see ^engineers at the head 
of more of our industries. In my own company our 
engineer t^^ineei^^ by the willing co-operation of the 
accountants^ department, obtain an intensive training 
in the costing, invoicingr wages and purchasing sections. | 
I \eard of two Canadian' power company engineers 
who were looking for a taxi to take them on an* inspec¬ 
tion. One taxi driver ofiEered his services for con¬ 
siderably less than the Other drivers; when asked 
how he could underbid the others, he said: “ I am now 
a shareholder in your company and am interested in 
its success. I am making only a little more than my 
expenses on this trip, but it will come back to me in 
dividend.” Needless to say this taxi driver is getting 
aU the business that the power company can give 
him. My.point is, that if the taxi driver understands 
what costs and dividends mean, even more so should j 
a young engineer know. 

At that I must for the time being leave this question 
of training, but I sincerely hope that the members 
of our Institution will give earnest consideration to 
the points I have raised—the necessity of making the j 
majority of recruits to our profession trained thinkers 
and brain-workers ; and the equally urgent necessity 
of extending the scope of their technical education 
so that the^^ may acquire that knowledge of business 
metliods and that capacity for organization which are 
necessary in the higher appointments. To the young 
engineer I therefore say : Have confidence, for— 

“If you tlunk you*re outclassed you are. 

You’ve got to think high to rise, 

You’ve got to be sure of yourself before 
You ever can win a prize. 

^ Life’s battles don’t always go 
To the stronger •or faster man 
But soon or late the man who wins 
Is the feliow who thinks he can.” 

Now let us for a few minutes examine the present 
status o#^ the already qualified engineer. Why is it 
that the engineering Institutions have had such an 
uphill jgb in^establidiing the status of the engineer ? 
Why is he so little understood and apprfedated ? Wliy 
are his works made ridiculous by a blundering gener^ i 
Pregs ? * Why do non-^engineer officials try to thrust 
Mm into a back seat ? Why is it we so seldom find 
his name on his masterpieces ? 

^ The aitist takes care to sign his pictures, the eminent 
actor insists that his name shalL appear in large type 
oh the play-bills ; even the clerk to the parish council 
has his name^ emblazoned on a public^ notice board, 
but the eni^nee^’s ilanfe is seldom to be found. V 


r 

Member! have doubtless seen on^ie commemoration 
stones of large public works or buildings the names 
of the mayor, the aMeim^n, the •councillors, the clerk 
to the council and perhaps—^perhaps, I say—in a corner 
at the jDottom and in small letters tjie namre of the 
engineer who really did ^he job^ * ^ 

Upon a prospectus #of an *engineeiiiig venture we 
find the names of the directors ^nd^l&eir titles in full, 
the stockbroker, the secretary, the S(?^licitor, but seldom 
or never the name of the man wh®* is going to build tE^ 
concern and make it rmj^tlae efigineer. ^ If it ‘"does 
appear he is accused of advertising. 

That brings me at ortc5 to the bed-rock of the whole 
question—publicity. Let us dismiss from ofJr minds 
at once any suspicion that I am asking engineers tb 
advertise in newspapers or handbills. Tlie Institution 
to which we belong has laid down very proper rules 
as to professional conduct, and we gladly uphold those 
rules. Yet the present position is very unsatisfactory; 
the engineer is isolated. 

The doctor comes into frequent coi^tact with all 
his patients; the actor appears before big audiences r 
the artist, novelist and dramatist are interviewed and 
newspapers make them famous. 

The minister of religion preaches to whole congre¬ 
gations, and the people know his voice and manner. 
Even the great soldier, the great sailor, the great lawyer 
are known to largp bodies of men. 

The engineer, usually serving boards of" directors 
and corporation^ without body or soulr, is known only 
to his own staff ; beyond them he«‘is a mystgry. He 
might be a hermit for all the public. Imw. . C ^ 
On tjie filjps we see the airman, the muacian,-the 
traveljer, the soldier, th^ aptist, the a^tor, the sculptor, 
kings,Queens, bishops, Members of*. Parliament., But 
did we ever see an erigifiee? on the films ? „ What ?s he 
like ? How would we know him ? Would he be armed* 
with sword or a soldering iron ? 

Some may think that this does not matter ; but I 
believe that it matters^ very mu!h. For better dr for 
worse, the age of publicity has dawned. The 
of modem life are in proportion to merit and publicity 
judiciously mingled. Make no mistake, however^ pure 
unadulterated merit has only a d«>g’s life to expect, 
linfortunatelyj publicity can do almost anytlnng. 
We may put up. pure chalk as a tooth powder, and all 
that we have to do’ is to spend enough on publicity and* 
it* will go Hke.wildfire. . « 

I‘ beHeve*‘that electrical engineers have Tbest 
commodity in the world to sell, and that hitherto we 
have not known how to sell it. Sometimes the engin^eer 
affects to despise publicity, maintaining that it is not 
of his world. To him it matters not a jot. ^His dutyc 
is to his employers ; to laymen he has nothing whatever 
to say. He is wrong; he is utterly wrong, aiid the 
British engineer in particular is wrong. Not only has 
he personally suffered from his , own isolation ; the 
progress of engineering in general has suffered because 
we are uncommunicative. « 

In Chicago there is atiemand of ho less than 800 kWh 
per annum for every man,; woman and child. Tl^e 
average in this cdun^—-SO—is considered to be quite 
a respectable figure. Why this astonishing contrast ? 
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Soye of ^ may be due to cheap English gas. Some 
of it is due to the Aftierican consumer being more Avilling 
to try a liew thitJg* but when all is said and done, 
quite a lot of the difference is tlut to the fact that the 
American electric supply interests understand publicity 
and that ours do not. • 


We are now heing taught aifd we all admire the good 
work of the British Electrical* Development Associa¬ 
tion, who are, liowe>fer, working under a handicap, 
namfely, lack of fBpds. They should be in a position 
^b . ^end £10 whe?;p* at present they spend only £1. 
This would* Enable the^ tb influence public opinion 
a ^eat deal more, whereas ,on tlieir present meagre 
basis tl|fy must largely content themselves with in¬ 
ternal work amongst the electrical industry itself. 

1 have ^ven the abovQ instance of the greater use 
of electricity in America, which is also true as regards 
S^tzerland, Italy, Sweden and many European coun¬ 
tries, because I coaintain that the British engineer is 
altogether lacking in the spirit of commercial publicity, 
both with regard to his inventions and with regard to 
himself. ^ 


The engineer undoubtedly is the head of the modern 
community. The people are transported by him, 
lighted, w^ed, fed, given their news, their entertain¬ 
ment, their clothes, their telegrams, their national 
defence, their fuel, water, furniture, buildings and 
sanitation—all due to the engineer. But although 
all this^ is due to him, although %e does more for 
the civilized community than any other profession, 
he is as isolated and unknown as though he lived on 
a desert Island. He is so obscure that writers and 
journalists (of the lay Press) do not even know where 
to find him. 'fjiey can write of art, lausic,^ travel, 
even of medicine, quite sensibly ; .but the|y Publish 
the 4nost ridiculous news ahput*engineering work simply 
because they have no immediate access to the engineer. 
Bven .when he reads their nonsense the engineer opens 
not his mouth. 

Some years ago a novelist wrote a book in which 
a,^ower station was described. It was a building filled 
with finmense zinc rods in gigantic porous pots—^and 
that is about as near the public ever gets to us. There 
is a •gaping chasm between. I suppose that if that 
povelist had inquirW at his club for a reliable electrical 
engineer to inform him, he would in all probability 
have been directed to the nearest plumber, 

I could go on giving instances of the engineer's utter 
lack^of touch with the community for-which he does 
so much, but I think that members will understand 
what I mean from tliese few examples, 

i am not ambitious enough to propose oflhand a 
detailed remedy for tliis state of affairs. Like the 
question* of German reparations; it is somewhat coni:- 
plicated. The solution of our dispute with Germany 
would have been very easy, however, if someone 
had found a means of inducing , in our late enemy a 
change of heart. Similarly I suggest that the solution 
of this relatively small engineering proble m will , best 
be brought about by a change of mind. I realize that 
a complete change of mind is the most difficult of all 
things to induce. Sometimes it takes generations, 
but I feel that I shall^ have made soifie little progress 


towards my end if I have made members think about 
the disadvantages of our presept situation. An 
e^ clej^ly understood is already on the wav to remedy. 
No good engineer approves oft the idea of advertising 
m the ordmar 5 r way. But in the endeavour to dis- 
socmte ourselves from all suggestion of advertising , 
K it not possible to go a little too far in the otller 
direction? • « 

Ow Institution, I think, *has followed' a happy, 
medium, but there is at least one other body wliish. 
1^ made for itself such rigorous«laws tliat their effect, 
simply is '* Unto hiia that hath shall be given.” The 
professional code of the body I have in mind so operate 
ensure that the more prosperoirfh members shall 
obtain the bulk of all iulpqjrtant new work. The 
enormous lists of work already carried out by thase 
semor members together with their large connection 
and affluence act as an advertisement, though of course 
called. In consequence the juniors, 
who have no advertisement of this land but are never¬ 
theless bound by the self-denying ordinance of their 
profession, are placed at a cruel disadvantage. The 
position is not quite without its humour. The greatest 
opponents of advertising in this body are the seniors 
who have already secured the advertisement thev 
require. ‘ 

Besides, there are ways and means of. obtaining 
publicity which do not come under the ban. These 
methods of advertising are quite efficient, yet they 
are not discountenanced. It is like betting, which 
may be carried on if we are careful to bet in a certain 
place and manner. For instance, there is the expert 
who makes such a practice of speaking in every dis¬ 
cussion that eventually his name becomes as celebrated 
as if it occupied the whole front page of a daily paper. 

In fact, it is a mudi better method, for he not only gets 
his publicity free of cliarge but he gets it amongst the 
very men from whom he can expect patronage. I am 
not blaming people of this type. From many points 
of view they are to be commended. I wish that we all 
of us spoke up niore and of tenet. 

Members will agree, however, that a system which 
forbids one t 3 T>e of. advertising whilst permitting 
another is not entirely satisfactory. It allows only 
the more energetic amongst us .or the best elocutionists 
to come to the front. Sometimes it happens that the 
silcuf luciubcirs bd,v6 somcflung of value to impart, 

Imt they- have no gift of public oratory. They are 
mute, inglorious hfiltbns,** and so they will ■ always 
remain.. This, is a defect of many good engineers." 
'They are far too reluctant to speak. It is one of the 
phases of the question with which any reform Siovement. 
would have to deal. 

I have- for a very long time thought that part of a 
schoolboy’s training (especially those that intend to 
be engineers) should include instruction in debate. 

Some members will shudder at the thought of Ishese 
benches: being filled some day by a whole battalion 
of ghb young orators. My plea is not for the wholesale 
manufacture of hot-air merchants. Talking is too 
often the negation of doing; but the really effective 
speaker is the man who gets to his feet only when he 
has something of consequencs tp say» Let us hope 
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that the trained debater of the future will have acquired 
not only the gift pi self-expression but the wisdom 
contained in the old ada^—Stand up, speak up, 

shut up/' • . • X* 

Were any court of inquiry to hold an investigation, 

tliey would come across some surprises. They would 
find, for instance, that an Exaggerated horror of publicity 
did not condtice to the Ijest engineering work. In the 
^ase of tlie body that I have mentioned the mono- 
pcj^zing of all big! new work by the senior members, 

are often overlofilded and no longer young, means 
that such work may be deputed to clerks and to 
beginners. Thus the client is badly served and the 
reputation #of tfee profession suffers. A reasonable 
system of publicity wotQd have given the underloaded 
a nd quite capable rising men much more of this work 

to do. • . 

In this connection, a universal defect of engineers 
is their lack of appreciation of the Press. Here I may 
say at once that I have taken some trouble to find out 
how the engineer is regarded by the Press which may 
be credited vdth some knowledge of this question of 

publicity. . . i r ^ 

The lay Press finds that the engineer is aloof and 
non-communicative. He fears reporters and gives 
them eva^ve answers. How I contend that instead of 
ignoring the lay Press, the engineer should consider 
what advantage could be taken of the situation, not 
for himself personally but for engineering in general. 
There may be an opportunity for him to correct some 
* ridiculous impression- and to replace a silly descrip¬ 
tion by an accurate one which will stir the public 
imagination. 

Unfortunately this attitude of hostility towards the 
lay Press is often extended towards the technical Press. 
Knowing many members of the technical Press I 
do, all of them trained engineers and most anxious 
to fight our cause at every turn, I really think that 
this is most unfortunate. If something has happened 
that must not be mentioned, if some project that must 
not be reported is on the carpet, the best way to deal 
with the technical Press is to make them fellow con¬ 
spirators. Tell them exactly what the mystery is if 
we possibly can, and put them on tlieir word of honour 
not to print a word ; but do not do this needlessly and 
frequently or they will grow tired of it. There are so 
many things that might quite easily be told to the Press, 
yet are withheld out of a spirit of distrust or lack of 
sympatliy or fear of responsibility. 

Bureaucracy is often at the bottom of this uncom- 
municativeness. 

The reJsoh why it is so difficult to obtain interesting 
news from some of our big manufacturing firms is that 
every ofecial^s afraid to mention facts before con¬ 
sulting the next official above him, and as this system 
ultimately leads to the managing director, who may 
be in the South of France and have a dislike of all 
newspapers, nothing but uninteresting or misleading 
^ information is available to the Press. 

<*The bigger a British concern is, the less are its personal 


sympathies and the smaller is its appeal to -^e public, 
even to the technical public (oursef/^). 

That is a rather serious state of ^airs for this country,. 
Big manufacturing firms^in America fully recognize the 
value of pubUcity and go out of their way to^publish 
news, the American public are •penfiitted to knov/ 
the service that the engineer caif offer them,^ and that 
means increased busihess not onjjg; for American 
engineers but for America generSlly. r 

The failure of the British en^eer to appreaate 
publicity has grave disadvantagei^ As a resulir h€ 
suffers in status, in pubhc ^teeia and in remuneration ; 
more than tliat—the ^products constructed by his 
genius are restricted in quantity. ^ ^ a 

Not only are engineers at fault as individu^.^ When. 

they band themsdves together in technical bodies they 
are usually driven by a desire for the approbation of 
their own land to forgo the approbation or even the 
.notice of the public who are their cttstomers. 

Further, when engineers combine to fonn a big 
trading and manufacturing concern, the bmreaucratic 
spirit of its ofiB-dals and tlie consequent fe&r of respond- 
biUty to cut off all communication with tte firm’s 
chents. Such news as clients receive is obtained only 
from the catalogues. 

In fact, turn which way we will in the British engmeer- 
ing field, whether to individuals, to certain professional 
associations or to great trade groups; we find that the 
invariably tend‘towards the isolatiqn of tiie 
engineer and aU his wbrk. The pubhc who axe so 
deeply indebted *10 him and from,whom hq obtains 
his living hardly know of his existence. ^ ‘ ^ 

It seems to me that it is a totaffy.wrong and iln- 
necessatV sitflation. I beheve it largely accounts for 
the fa(\ that although the British engineer is ibe best 
in the world, he is very ^ax indeed frdm being,the'best 
appreciated. It accounts for the fact that the lep-, 
lators penahze him and that in many cases noa-fechmcrf 
offiria.ig succeed in making him a subordinate. 

The engineer up to the present has been too silently 
l ining hfe work: but add to his training the ^ ^f 
self-expression and nothing can prevent him''from 
taking bis place at the head of affairs—whether it be 
in Parliament, in industrial life or in town councils— 
where most of the money expended is for work that 
will eventually be done by engineers. If one loote 
at the lists, one notice how m^y lawyers axe in 
Parliament. Their profession requires that- tliey' can 
speak luddly^ui‘public. But how many engineer’’ do 
we find in Parliament ? ^ 

I hope that the engineer of the immediate fuinre 
will see his opportunity and assume his natural right 
to direct as well as to construct. If he has the advan¬ 
tages I have spoken df—the trained mind as well as 
trained hands, the sound knowl^ge of finance and 
modem biffiiness methods, and finally the power of 
self-expression reinforced by, practical knowledge— 
with aU these advantages he*cannot fail to influence 
the course of events and so renda: invaluable serviM 
not only to his profession but to tbfe country as a 'whole. 
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By Thomas Carter, Member. 

“THOUGHTS BY THE WAY.”* 

(Abstract of-Address ddivered at Newcastle, 22nd October 1923 .) 


% 

Engineering. 

When Thomas Telford ahc? others of the loving 
subject^ of King George the Fourth formed themselves 
Into a Society for the general advancement of Mechanical 
Science, .their object was to promote the acquisition 
of that species of Imowledge which constitutes the 
profession of a Ci\il Engineer, being the art of directing 
the Great Sources of Power in Nature for the use and 
convenience of man. We are all civil engineers in the 
original sensp: the title was used to distinguish its 
•holders from military engiueers, who were the only 
engineers from their first coming to England with 
William of Normandy in 1066 right down to the 
eighteenth century. When we remember that it is only 
about two hundred years since the modem engineering 
movement in Britain began, and when we tliink how 
torday it permeates the whole national life; when we 
recall thUt whereas the early engineers had to grope in 
the dark for information and help, eyeryone of us has 
the ch^ftce of Idhming more than they ever Imew, 
♦^ough-few of us. have the wit and the brain to snatch 
it; when we recollect that at first ei^gineejpng was 
not-thought to^be a genMemanly job, but th^t King 
•Gegfge the Fifth himself is now our patron, >^-0 begin 
to ^realise *the enormous change that has taken place 
* ^ but a day or two of the history of the world. 

we go from stage to stage: John Bright said truly 
that we stand on the shoulders of our forefathers 
and see further. This twentieth century has already 
Wltn^sed amazing developments: aeroplanes, not 
long ago things that we almost broke our backs to 
see ^as they flew above us, became as common as 
sparrows during •the war, although the first flight 
from England to France was accomplished only in 
1909; moving pictures, exhibited about 20 years ago 
as a scientific novelty, have now become a necessity, 
iti^ay be of sometimes questionable value, in the lives 
of iflilUons, requiring, in place of two UceSsed cinemato¬ 
graph theatres in London in 1909, no less that 289 in 
1^19'; a huge industry has arisen in the motor-car 
trade; wireless telegraphy and telephony are sturdy 
youngsters rapidly growing up; ordinary telephony, 
the other* and older form of a most marvellous idling, 
is coining more and more into use even in this country. 
It ought not to be forgotten that many of these things 
increase the cbmplexily of aflairs, and add to the 
dif&cultyof doing ordinary business thoroughly and with 
due thought, because they hasten everything and speed 
up the rate at which we live. All this is inevitable, 
^o doubt ; but in taking stock of our blessings, we 
must count their cost and strike a proper balance. 


The^Last Ten Years. 

We may spend a little time usefully in reminding 
ourselves of a few of the far-reaching chaises brought 
about during the last ten yekrs because of the war, 
with its never-ending influence, as well as in the normal 
course" of the development of things. Japan (very 
much in our sympathetic thoughts lately), starting 
flrom a foremost place in the Far East, has forged ahead 
enormously, her foreign trade increasing from 92 millions 
sterling in 1910 to 438 millions in 1920. Europe itself 
is utterly changed, with kings overthrown, and with 
new and in many instances hitherto untried methods 
of government set up. Europe was the creditor of 
the United States before the war for 4 600 million 
dollars, but owed the United States 13 600 million dollars 
in 1921. In our own country the cost of living is 
still about 70 per cent above its pre-war value. As 
a nation, we spent about 134 million pounds in 1900; 
in 1913-1914 the total had grown to just over 200 
millions, while in 1922-1923 it was not far short of 
1 000 millions. There is, too, a deadweight debt 
of over 7 000 million pounds claiming interest and 
redemption at the rate of about 350 millions per 
annum; while the 7 000 million pounds are mostly 
war pounds of low value, we must pay the charges at 
a fixed percentage rate, in pounds of now greater value, 
relatively, therefore, more dif&cult to obtain. 

It is calculated that more fuel and iron were taken 
out of the earth during the ten years from 1911 to 1921 
than during the whole of the nineteenth century; and 
we are still tending to use our resources at too great a 
rate. The study of fuels, however, is attracting special 
attention; low-temperature carbonization of coal is 
being investigated as a means not only of mcreasing 
efficiency but also of impromng the state of idle atmo¬ 
sphere by the avoidance of smoke.' Having squandered 
our fuel almost without thought for so long, we 
scarcely pride ourselves on our desire to lock the door 
of the stable now before the last hair of the horse's 
tail has finally passed outside; but let usi^take it as 
a sign of grace, and encourage it in every possible 
direction. 

The Foundation of Things. 

Engineers above all other men need the spirit that 
will overcome difficulties. It is the faith that expects 
to finish a job some day that is the justification for 
ever starting it at all; that is what we need supremely. 
More particularly is it needhd in that abstruse branch 
of engineering—I am right in calling it engineering, am 
I not ?—^that for forty years has been seriously tackling 
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the question of the mechanism of the universe. Man 
has found out very httle as yet; what we can learn 
from the past, wonderful ffiough it be, is as notlhng 
to what is waiting tc^ be revealed in the future. 
The man with the most profound experience of how 
tilings may work is of necessity the humblest of all 
my because he knows that he does not know. 

The warp •of the universe is iwirolling itself from 
^moment td moment so tliat we may help to complete 
*the pattern worked out for the endless piece. Some 
?>^ tlie pattern we haj^e discovered, while some is not 
yet clear; moreover, some that ^eemed clear in the 
pa>st is no longer entirely so; and we are coming more 
and more J:o regard all theories as provisional, and 
as open to possible revision at any time. We are 
as the blind would, be wfio tried to read a book printed 
in *Braille type without having been taught what the 
gymhnlR stood for; even if they had been tdld the 
story a little they would have to find out the meaning 
of the symbols as they went along before they could 
follow it word for word. No more fantastic than 
that was the undertaking of Lord Kelvin when, following 
earlier speculators, he set out to propound a definite 
view of what the atom might be like; his work has 
been continued by J. J. Thomson, by Rutherford, 
by Bolir, ^and by many others of enormous courage, 
each draw^g the curtain aside a little more from the 
final picture. 

Some Technical Problems. 

Much attention has been given from time to time 
to output coefficients, mass factors, or size. factors, 
as they are variously called, these being expressions 
that attempt to set out the relation between output 
and dimensions. The usual assumption for d 3 niamos 
and motors is that their output depends on the: volume 
.. of the rotating part, that is, on its diameter squared 
multiplied by its length, commonly known as its ; 
and the statement is ordinarily given in the form of 
a curve connecting with watts per revolution per 
minute. It has been too little emphasized# though 
Carus-Wilson in 1898 and others before and since 
have pointed out, that watts per revolution per 
minute is an expression not really involving the idea 
of speed at all. Watts are work per second, measured 
in joules per second, and hence the watts per revolution 
per minute are l/60th of tile joules per second divided 
by the revolutions per second, that is, l/60th of the 
joules per revolution. Efut the work per revolution 
done by a rotating body is, numerically, equal to 
Sn-.times the torque exerted by it; hence the watts 
per revolution per minute are 217/60 times the torque 
of the rotor hi units corresponding to joules, that is, 
(277/60) X;107 ijmes the torque of the rotor in d 3 me- 
centimehres. Torque has nothing to do with speed, 
hut it is mer’ely the product of the radius of the rotor 
and the total tangential force exerted on the surface 
of 4lie rotor , by the interaction of the magnetic field 
of the machine and the current in the rotor conductors^ . 
rAs j-s well known, the important constants in an electrical 
machine are the ratio of pdle span to pole pitch, the 
;fiiix density in the air gap, the ampere-wires per unit 
, .length of rotor pdiiph^y, the diameter and the length 


of the rotor core, and the speed of rotation.« Heatmg 
problems, *and commutation prol^ems in ''mach^es 
with commutators, determine the* possible relations 
of these constants •ne another,, but the generaf 
statement, always true, is that the watts of a machine 
are the^product of pole-span ratio, •air-gapcdensity 
in lines per unit area, ampere^vsijres per unit length, 
rotor diameter squared, rotor length, * and speed in 
revolutions per minute, divided* by^60 and by 10® ; 

or, in symbols, • ' 

• • 

Watts = 77^J5^jgd^^n/(6ft x 10®). 

* e ■ * 

This is independent of the umt of length so long as 
all the quantities are •expressed in the same unit. 
Taking direct-current machines as an example, 1 have 
found that the air-gap density and the ampere-wires 
per unit length of periphery may be expressed by purely 
empirical fonhulae as quantities dependent on the rotor 
diameter, and when these empiric^ ^expressions are 
substituted in the general formula, it becomes :— 

Watts = (ll205){d*l(,d+l6-S)(d+^S)}ln, 
when d and 7 are in centimetres, and 

Watts = (1/12 • 6) {d'l^Rd + 6 • 6)(<i + 13) }ln, 

when d aiid I are in inches. These empirical formulae 
have no real physical meaning; they merely happen 
to fit certain facts#with seme approach to accuracy. 

In passing from the question of output ccTefficients 
I would suggest jiJia-t the different opinions held about 
this, as about every other problerfl, arise «firpm the 
different personalities of the holders. We all stand 
and loo^ at Jhe same thing; no two*of us stand at 
the sai^e point, and consequently diff^ent aspects' are 
presentAi. The trouble is that eaqla of us swpars* 
that he has seen the wlfole •thing; it is th^ cffd siory 
of the two knights and the shield over ag^n, and I * 
believe that this explains the different philosophies' 
religions, schools, and political parties that have existed 
since the world began. There are things that matter, 
about which we all agree that we dare not comprqimisef'i 
there are things essential to the stability of the nation 
that we must accept and do* whether we like ij^em 
or not; but many a question, seeming great to those 
who strive about it, so great^that it obscures the light 
of day, could be settled iii a word if it were but realized 
that there must always be a relativity of ^ew, and 
if some attempt .were jnade by the disputants to change 
places one with another in an endeavour to aixivO at 
some common acceptable conclusion—-an honest and 
courageous endeavour, with no turning of» a blind eye 
to what it is thought should be invisible. 

Industrial Problems. ^ 

. Most of us know far too little * about econoihics; 
economic science is largely experimental and empirical 
because its data are clianging^from day to day with 
changing conditions, and it must adapt itself with 
perfect flexibility to things as they are before it can 
attempt to advise on the future. During ♦the war, 
when apples were very scarce, I saw one,: only one,*? 
on>a T^^-te in the fruit stall at King^s-cross station. 
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I asked ihe girl in charge how much she wanted for it; 
aM she hnswered.'^ A shilling.'* - Is it rklly worth 
^it? I asked hdr.* She said, " If you want it enough, 
you will pay a shillihg for it."<» 9 am not an expert in 
economics, and neither, I imagine, was the girl; but 
I am Stire thai she summed up a considerable part of 
it all in Jier answer. • Jhe relation between cost prices 
and selling prices; advertising campaigns to create 
and to stimulat|^desare:: the advisability or othervnse 
of a corner in wheat; are not all tliese regulated and 
•determined by th5 Very principle enunciated so light- 
h^^edly ^about tlie ^pJ^? So it is that liow and 
agam some mysterioiS Saharavitch or Braunschild 
or Stonyfellow, sitting at the centre of his web of vast 
financia dealings, can so control the threads in accord¬ 
ance with these very needs and desires of ours that a 
touch of«his fcger sends some of the mighty to ruin and 
raises up others from obscurity to take their places, 
while he himself ^s more powerful than them all. 

It would be entirely out of place for me to say any- 
t^ng in detail about modem industrial problems, 
linked as tlj^y are to so great an extent with highly 
controversial questions at home, and dependent as 
so many of them are on international affairs of so wide 
and complicated a nature that we dare not enter on 
them now; but although we cannot suitably undertake 
a particular examination, we may pause to recall one 
or two general principles. If we take, as one out of 
many possible examples, the relation between employers 
^d unibns of manual workers, must we not think of 
it as haying arisen out of sometliing ihat was originally 
very l^rh the relation between father arid son ? The 
*olH days^ini many ways, though not in all, the better 
days—^witnessed a fatherly interest in Ists apprentices 
and- Ms jourae^en on the part of their master, and 
•onjheir side a feeling of ^atitude for much knowledge 
impart^ io them. Let us*carry down the simile, 

• and remejiber that only fifty years ago, a mere notMng 
iji Mstory, did we begin in any real way to tMnk tliat 
all children might be worth a general education. That 
was an almost frightening experiment. There have 
.l^en^and are, all sorts of mistakes in carr 3 dng it out 
that only the furtlier education of the educators will 
remedy; and, meantime, a vast nation of ratlier crudely 
instructed people# has arisen, so few of them having 
grasped any essentials, and so many of them wanting 
heaven before they are ready for it, that earth is like 
to ^come^hell for us all through sheer lack of knowledge 
<5l«hQW to steer clear of slippery dowpward slopes. 
No^lat us think together : if our sons and bur daughters, 
not long at school and with just enough Imowledge 
tq make tliem imagine they know everything and want 
to rule everything, come and tell us that we are old 
' fossils, that we don't Imow what is good either for us 
or for them, that our sort of people has had its day, 
but that in their magnanimity they are willing to 
blame the system- that produced us rather than us 
ourselves, do we then and there hale them before the 
magistrate for breach of contract ? Or, if we suggest 
to them that some,, things might be better done, do 
they say that we are trampling them to the dust and 
j|.re not , fit to be their parents ? Often enough there 
is anger and sternness, I agree; but in the great majority 


of these troubles, anger and sternness are moderated 
by a sense of fitness that recognizes the equal humanitv 
of the temporary antagohist ancT the certainty that 
all our lives are so interwoven that the good and the 
hurt of one- are the good and the hurt of us all; and 
a friendly talk, with a will to agree on both sides, smooths 
away the difficulties and leads to a lasting good uni^er- 
standing. I venture to suggest that the very same 
broad principle would settlS many terrible troubles 
in the industrial world if it could but be applied ; and 
why not ? a. ' 

I fear that polit^al and parliamentary interference 
in these matters is almost necessarily bad; Parliament 
does not undestand the problems^- Industry itself 
must somehow devise the means for the solution of its 
own problems, and the first step is to realize tliat every 
man, every class, every group, every party must hold 
individual views, destructive, perhaps, of each other, 
until some wider and better view is put before each of 
them and is made so attractive that it will lock them 
all together in a determination to find a way out of 
tlieir darloiess hand in hand. We hear much of the 
demand for a fair day's pay for a fair day's work ; 
but the implication of that, not always fulfilled, and 
not always even remembered, is that a fair day’s work 
is going to be done. I do not speak without^knowledge 
when I say that a sitting down together, wj^th goodwill 
all round, will lead to almost amazing results to the 
advantage of all; I have the best of reasons for knowing 
tlae splendid effect of mutual loyalty and trust and 
support. Sentiment, the cynics say, has no place in 
business; I say it is a lie, and a very stupid libel on 
humanity. If every man in industry really made up 
his mind to think of industry before Mmself, what a 
revival there would be! And how beneficially, it 
would react on himself; for, as always, the seeking 
of the greater things causes all the rest to be added 
as a gift. The success of industry inevitably is the 
greatest interest of all of us. The more we have our¬ 
selves of knowledge and education and training, the 
more may industty, and tlie nation itself, rightly demand 
from us. The times are changing, and many ancient 
fhihgs are being shaken : let us see to it that the world 
is carried across from the old to tlie new on the broad 
shoulders of men of understanding. 

Other Problems. ** 

I am sure tliat engineers ought to be more in public 
life than they are; many problems have to be dealt 
with tliere that would be more fitly solved if engineers, 
with the advantage of thsir knowledge, training and 
experience in large affairs, were in a positioi^ to advise 
and had some say in their settlement. One of the/ 
strange and .disturbing things about-^publjp life at 
present is that those who enter it to govern others often 
show by their public actions that they are unaware 
of the first principles of . how to govern themsqjves; 

I feel that here the engineer’s habit of dealing w^th 
intricate problems disps^ssionately might serve to 
counteract: much violent haste that only slows dojvn 
real progress towards what it would acMeve. 

Mu(^ that is known has not. even yet been written 
down in. books, and although we apre faf. from the days 
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when each man had practically to begin at the beginning 
and find out things afresh because there were no records, 
there is a refinement in worlf and a skill in craftsman¬ 
ship that cannot be acquired except from those who 
have themselves learned from a still older generation 
in \heir youth and so make us the heirs of centuries if 
werfearn from them in our turn. When our interest 
is first awakened we are^ all eagei^ to learn, and our 
Ijindisciplindh efforts are absorbed in copying others : 
on^ later do we pass through a stage of more precise 
understanding to generalization and invention and dis¬ 
covery for ourselves. How vitally,Jdierefore, it matters 
th^ the foundation should be well laid at the beginning ; 
and if we :^d a]!^ older man, willing to help us because 
we are young, how much more secure will the end of 
bui^ work he ! 

The Training of Engineers. 

Education cost us as a nation over 19 million pounds 
in 1913-1914: and over 66 millions in 1922-1923; yet 
Professor Biimett of St. Andrews, in his Romanes 
lecture at Oxford, expressed the view that ignor^ce 
is increasing to such an extent that there is a possibility 
of another dark age. Professor Burnett also warned 
his hearers against thinking that " there existed some¬ 
where a stock of ready-made knowledge, which had 
only to be doled out liberally to satisfy all needs. That 
was altogether wrong. . . . What could be supplied 
from stock was merely the sediment of dead knowledge, 
though even that was valuable, since it furnished us 
with the necessary tools for the real activity of knowing. 
But it was not itself the real thing. The only knowledge 
worth distributing was living, first-hand knowledge.” 
Anthony Trollope remarked to Miss Dunstable, who 
said that oiie doesn't ponder over soap bubbles, “ Pardon 
me. Miss Dunstable, one does, but nine hundred and 
ninety-nine do not.” Hence we have so terrible an 
occurrence as the grave statement in a newspaper 
that scientists are seeking a new ray with which they 
will "defy the normal law of ^avity.” What do 
people who say these shocking things think the law 
of gravity is ? And how do they propose to " defy ” 
a natural law, when all they can do is to prove it right 
or wrong ? The hopeless confusion between a politick 
law, which is merely a public sanction and may be 
defied ami disobeyed, and a natural Uw, which can 
no more be defied or. discfbeyed than rhomboids can 
be argued with and cajoled into looking more like pelicans 
than they do—^this confusion, I say, would be ludicrous 
if it were not symptomatic of the state of much current 
so-called knowledge. 

I want to suggest that, important as is the provision 
of the right sort of education for those who ofier them¬ 
selves to#be educated, it is even more vital to select 
for that education only those who can use it properly. 
If the community allows us to be born and to grow 
up, it is,* I mamtain, its bounden duty somehow to 
see that we are offered the sort of life to live that will 
be best both for us and for it.. The aim of all education 
ought to be, first, to fit us for bur share in the general 
work of the state as citizens, and second, to prepare 
each of us for some individual contributioii to that work- 
according to any particuto fitness we may have. With¬ 


out resorting to specialization at too early ra stage, 
skilled teadiers ought to be trained to discover the 
characteristics of the children in theur care, so^ that^ 
eventually engineers ^n^ be educated as engineers 
and not, for example, as drapers, and, on the other 
hand, orm who should be getting rqady'to writ§ books, 
may not by accident stray intOetfee engmeeripg course 
of some university. Provide means for educating 
engineers; but see that engineers afl provided also. 
Under such a regime as that we should be able to pay 
our duty to the State in return fd/ the right to live<^ 

our proper life. ^ r 

We dare not send down our designs into the wbite 
bearing the legend " ^e think these are co^ect^ ; 
we must be sure, for the construction of a machine^ 
is not like a book-keeping transaction in which ^ error 
can be corrected, or like a wrong payment, which may 
be adjusted by the passing of a cheque. A slide-rule 
is the servant of a brain, not a sujb^riite for one; 
and the compression of calculations, like the compression 
of the results of the work of centuries into a fdw laws 
and expressions and formulae, is a worse source of 
pitfalls and a more fertile field for the springing up of 
mental sluggishness than most other things. Short 
cuts are only good when we know where they lead to, 
and even then they may rob us of the experience that 
comes of going round the longer way that may bring 
us sooner home. 

Purely intellectuftl training is to be shunned: it 
limits and binds and confines. The pure theorist 
cannot go out inte the world of commTerce and meet 
his fellows, mostly not pure theorists* with ai!!y#bhanpe 
of success. For that reason, the purely technically^ 
trained engineer is unfitted in most Mstances to sell 
the mathines he designs or Builds; to nis theory xhust 
be addei knowledge of men^and of their ways if is' 
not to be beaten every time by the keen man’trained 
to deal with human beings in the very practical schooj ' 
of contact with them. The sense of when to compromise 
and* when to win by appearing to yield or. by actually 
yielding is only certain after much seeking for it. Two 
precious possessions are the ability to suffer fools gladly, 
and the knowledge that you do not yomself inflict 
on the other man that painful need. Things to 5 )ray 
for are the instinct for the right moment and the realiza¬ 
tion that to arrive at the wrcmg moment may be f atal: 
the early bird, on* the spot at the proper moment, 
got the worm ; early arrival is not the lesspn of ,Jliat 
proverb, for ;fhe* worm, which must have been-ti>ere 
even earlier, got the bird, if I may put it so, and'was 
destroyed. ,. , 

Let us realize supremely that the mafi who thinks 
that his training has come to an end with the^end of 
his apprenticeship or when he has gained a ufuversity 
degree is already as one dead and altogether danmed; 
the only live men are these who seek to learn from 
every occasion something that will serve them well 
in the future. And of these Jive men they will live 
longest who remember Ihat it is not so much achieve¬ 
ment that brings happiness as the striving after it, 
and i^t" merely to pass through e^eriencesds nothing, 
but to preserve a clean heart amidst aU tiiat comes ift 
everythmg.'^ 
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^ \ " Conclusion. • 

Even if we forg$t the wider, greater, higher tilings— 
• the stars, attracting us less Jh%a the signs that flash 
in Piccadilly-circus; the immensities of space, im¬ 
pressing us lesg than the enormity of our owij^ wonder- 
*fIllness; the music’ of the spheres, less distinct to us 
than the hrawtand noisS of this present life—^nevertheless 
these rich beauities ^e always around us, to be seen 
sometimes wheif^or a moment we open our eyes, and 
^to be used then t(^ refresh us and to keep us from being 
ugMer than we might be. «And if we contemplate more 
frSquently'those unseei^reaSties that are eternal we shall 
be caught up into a higher* view of what we may 
accom^ish; some of life’s discords will resolve into, 
•a grand harmony; we shall understand better that 
while of. most things it must be said : " And this also 
shall pass away,” we may view their passing with 


serene calmness because the few things that remain 
are sufficient for us; we ^hall not- have to say to our¬ 
selves when we have done all that was commanded 
us : ” We are unprofitable Seiwants; we have done 
that which it was our duty to do,” for we shall have 
recognized and tried at least to do the little more that 
counts for so mucl^. 

Hear, finally, one of Robert Louis .jStevenson's 
" Prayers written at Vailima ” ; and let us try to catch 
its spirit for our guidance. '*.^The day returns end 
brings us the petty round of irritating concerns and 
duties. Help us to'’play the man, help us to pertem 
them with laughter and kind faces^ let cheerfulness 
abound with industry. Give us to blithely on our 
business all tliis day, bring us-^fco our resting beds weary 
and content and undishononred, and grant us in'^the 
end the gift of sleep.” 
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(Abstract of Address delivered 

* 

If some years back this'lrish Centre was lan^ishing, 
it ^as not because the pajeni^ Institution neglected her 
^ child, but* because the Centre itself could not sustain 
«at fuir bsfightness the glow of life with which it was 
endowed. Members did not produce enough papers 
out of their native ranks, they were not over-energetic 
m importing papers, and many of them did not read 
the journal, although they all , grumbled that it was 
the only return they received for their subscriptions. 

Houbtless there was an ever-growing need of reforms, 
and the most urgent need of all was closer contact, | 
^eater intimacy between*the parent body and her out¬ 
liers ; but, ever since close contact lias been established, 
•^and for this I think we ought to be particularly 
gA.Jeful to those who have occupied thjs chair during 
the past few years—we have felt perfectly confident 
that the Institution is ready and eager, not only to 
do full justice to her outliers across the narrow seas 
and the wide oceans, but to make sacrifices for them. 

Our pyent Institution recognizes fuU well—and did 
not need to be forced to recognize—^that motherhood 
has responsibilities as weU as rights. Her children 
recognize on their part that they are bound to her 
by real ties, which, however, are intangible, and in a 
great .measure indefi na ble. They vary in l^eir nature 
and strength with* each individual, according to his 
temperament. 

• While one man may find pleasure in belonging to 
the Institution whicl^ claims Kelvm, Siemens, J. j. 


cU Dublin, 24ih October, 1923.) 

Thomson, Hopkinson, Fleming, Lodge, and a host of 
other famous men, another v^l feel an affectionate 
pride because he is derived from the nucleus of learning 
and experience from which vital cells innumerable have 
been distributed over the whole world; and a third will 
delight in the reflection that the hall-mark set upon 
his technical ability adds authority to liis zeal for the 
education of his fellows. 

The Institution was founded ” to promote the general 
advancement, of Electrical and Telegraphic Science 
. . . and to facilitate the exchange of information and 
ideas on these subjects amongst membeig of- the 
Institution and otherwise? . , If there could be 
anything essentially non-national anywhere it is the 
Institution of Electrical Engineers. It is extra¬ 
national, not national or even mternational. Flags, 
policies, tongues, colours, sex, opinions, are all one or 
aH nothing to the true spirit of the Institution. It 
exists solely as an instrument for the promotion and 
exchange of technical culture for the world-*at large. 

The fact that the majority of the members of the 
tostitution resident in Ireland are citizens qf Saorstdt 
Eirea^, while the remainder are citizens of iGrent 
Britain, should not weigh with the members resident 
here or elsewhere, and certainly would not weigh with 
tlie Council. Goodwill and allegiance to the oornmon 
b^ner of scientists throughout the world, vague though 
it may sound, is the sublimated purpose of the Institution 
to which we belong, Boundaries, barriers, political 
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prejiidic6s, knd. na^tiona.! feuds sink far b^low our 
horizon when we meet in Council, or Committee or 
open session. We meet thdt not as citizens of any 
State, but as citizens of#the world at large, charged 
by^the spirits of the glorious pioneers of our vocation 
to continue their work for humanity. 

I» Ireland we have no well-established traditions in 
electrical engineering, such as exift in all industrial 
countries, and that disability works covertly against 
ug.^ As the resources of the country are developed 
ilmt lack of accumulatcKl tradition will become a danger 
unless Irish electrical engineers ha^e anticipated it by 
taldng suitable action. 

I. can see iio h^er way and certainly no easier way 
than the hard-beaten high road over which so many 
thoj^sand electrical engineers have passed since 1883, 
when the Institution absorbed the Society of Telegraph 
Engineers and Electricians. The tradition of tlie 


Institution is continuous and complete from the days 
of the earliest telegraphic circuit and the first electric 
lamp down to the present moment. It is not an English 
tradition or an Empire tradition but a world tradition. 
Irishmen will not be degrading tlieir regained liberties 
by adhering to the Institution which has meant so 
much to civilization as well as to the profession and 
the indust^ of electrical engineering. On the other 
hand, if we support it feebly or not at all it will be many 
years before we shall have built up an independent 
analogous structure attractive to the new generations 
as they arise, and carrying weight with the Irish public. 

The electrical engineer, whether he be an adviser 
or an executant, but in either case a man properly 
qualified to undertake work of importance, finds his 
path beset with numerous abuses and overgrown with 
the weeds , of prejudice and ignorance. The legal and 
medical professions overcame similar obstacles to 
progress and public safety by strengthening their guilds, 
and there is no other solution for us.- 

I feel that this session may be the most critical time 
in the hhtory of . the Irish electrical profes.sion, and I 
offer no excuse for turning my address into a sort of 
domestic homily. The members of the Irish Centre 
of this Institution have the day of the future of their 
profession in their hands. They must •mould it as 
they will. Let us be guided in that moulding, by 
thoughts •which Miave passed through a filter close- 
meshed enough to reject .all but those considerations 
which Will ennoble the profession, and, in so doing, 
benefit our^brethren in Ireland, in the British Common¬ 
wealth of Nations, and throughout the world 
^ Decisions ought not to be. made by individuals or 
by groups within the Centre. The Irish section of the 
profession shonW adopt no policy until the whole Irish 
Centre of* the Institution—not the Cx)mmittee acting 
alone, nor in Northern Ireland alone-has threshed out 
the whole,matter franHy .and openly. The Institution 
carmet, of course, be a party to its own dismemberment, 
or to an official discussion involving a question of 
dismemte^nt, but it is assumed that the majority 
of qualified electacal engineers in Ireland are membem 
1- ^1 Insijtution. Therefore the easiest way to 
reconale opposing views within the profession in Ireland 
is.by meetings ef the Ii^h Centre. 


! We mnsti remember that tlie problem befdte us }s 
rather terrifying in appearance becau^ it has two heads 
springing from one Jrunk. Obviously that is an , 
abnormal phenomenon .in*science as well as in nature, 
and tl:e problem involved is first of all to g^t both, 
heads lo&ing in one direction, and* then to metamor 
phose them into one nonnal head Sf benign appearance 
I equipped witli a single active intellig§tij.ce. 
i In plain unfigured language the Irish Centre should 
• do everything in its power to prevepjp. its disintegration 
; either through the defectioq^ of mombers to foiw a 
I purely national body withift S^^rstat fiireann, or by 
I reason of the refusal of pi«mbers in, the north to work 
I with members in the south. Mutual unders't?anding 
i and unalloyed goodwill are the only instruments through ^ 

I which our purely scientific aims and objects can be made 
j to transcend and obliterate political divisions! There 
I must be no whisper of sectionalism in our councils, 
but councils there ought to be, P^sOnal contact is 
the finest solvent of human differences, and th^ Com¬ 
mittee of the Irish Centre must set itself to discover- 
some method of contact. ^ 

One has to admit ivith profound regret ^ that there 
is an almost entire severance of continuity between 
the northern and soqthem sections of our Centre. 
Teclmically one, we are actually separated, although 
the outgoing Committee did everything it could do to 
throw a bridge of fellowslup across the gap. Given 
good^dll everything is possible, and it is the great task 
before us this session to create or.to fostqr tliat quality. 
Our two past-chgSrmen when attending the ,Council 
meetings in London took every opportunity to^dispol 
the somewhat .distrustful atmosphere which seemed 1:o 
exist inutile northern part this Centre, and I shall 
continue^ an effort which must have a good effect, 
ultimately. The main vwk^must be/’done h^e, fed 
the first thing to do, in my .opinion^ is to ^obtain at 
first hand a statement of grievances in ordef'tliat the^ • 
Committee may see what can be done to redress them: 
Speaking for myself I should like to see several northern 
members^ on the Committee, and at least one meetingr 
but of tliree held in Belfast or Derrjr. If th^t^were 
done we should get more papers from Irish members, 
and we could have a meeting every^ fortnight during 
the session instead of about once a month., There 
might not be a considerable attendance of members 
at these meetings, on account of the distance to be 
covered, but there would be imnieasurable satisfaction 
in the thouglif* that the electrical minds of the epunixy 
were working together, planning an identical programme 
of much wider and more mutu^ly beneficial scope than 
would be possible for two anaemic Centni in a small 
epuntry poorly developed in the engineering sense. 

The second head of the problem upon wlpc!a I am 
touching takes the form of a suggestion which has-been 
made that Irish electrical en^eers should secede from 
wliat is termed an alien Institution. 1 tliink every 
■ man should ask himself what falue he attached to hfs 
personal connection with the Ihstitutipn. Unless he 
is eyeless about .mone^^’, it is fo be’ presumecj that the 
least assessment he can that the letters 

M.I.E.E. or A.M.LE.E. are worth the current' siib-^ 
seription, othemise he wpuld have resigiied his right 
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t(j use fjiose letters after his name. There is, tlien, 
definitely, a CQr^in amoimt of prestige or status 
, attaching to tlie bearer of the^ letters. The member 
can come-nearer the true es-Sraate of value if he will 


answer^for himself the question : ''Would I abandon 
•these letters for the letters of some other iriltitution, 
native of foreign ? Maybe he would, in which case 
there is. nothing^more to be said, for he will believe, 
justifiably enough, that neither he nor any otlier member 
of fhe Irish Centre^;^! be damaged by secession. 

Jf he has tlie qpurage Jto admit to himself that he 
•vvbuld not abandon' :«iemt)ership, I think he should 
probe the matter still farthea an altruist. He should 
say to Jiimself: " It is true that I value the advertise- 
•ment to the world of my qualifications by the display 
of these letters, and so long as I pay the current 
advertisement rate I am entitled to display them and 
shall display tliem, even in preference to those of the 
strictly national •body which I intend to set up ? I 
can us,e my title with due effect not only in Ireland, 
but wherever I travel or settle abroad. But what 
^ about the ytfuths of tliis and the next few generations ? 

I may adhere for practical purposes to my comparatively 
narrow new society, and continue membership of the 
I.E.E. merely for its advertisement rights, but I must 
do all I can in loyalty to induce youiig engineers to 
enter the Irish Society rather than tlie Institution. 
If I do that successfully, what will be the status of 
those young men from the advertising point of view 
when they a:|;e competing for positions in Ireland ? 
Furthermore, seeing tliat these youtlfs cannot be bound 
^ l^e tlfe old-time serfs to Irish soil, what will be their 
status in respept of competition for forei^ positions ? '' 
Wien our f«iepd has proceeded thul far'with his 
. intimate inquisition it may be necessary, (^pending 
upi5n the answers he has gwen^to the foregoing questions, 
to put. others. For instance : " Is it worth while to 
^nter IrelEind in a kind of race for professional prestige 
gainst the mother of all scientific electrical institutions ? 
Have we any chance against a de-uationalized—in other 
.irords,atruly sciehtific^Institution already numberiiiff 
more than 11000 members throughout the world? 

Is It even worth while setting up a subsidiary or 
-the sake of having it national ? I 
Would It live ? Would^it deserve to live from the ' 
scientific point of \i,w ? 

But/’ says someone, " was there liot only the other 
Institution interfering in Irish 
pol^M • "was this Committee of the Irish Centre 

w^ch presumed to advise the Government in drafting 
the Electricity Undertakings Bill ? " Let it be under- 
stood at once that this is not even half a truth. The 
“ ”1* empowered by its Bye-Laws, as I 
read tHey. nor^by its Cliarter, to take liand or part 
in l^^tion. In 'the case in point the Council of the 
Imtitation absolutely vetoed any action by the Irish 
could be construed as interference of any 
W '^t actually Happened, and what may happen 
ag^in, was that the Government official who was 
SS?* ^be* arduous and highly, technical pre- 

‘’assistaj^^p.^T+T, nought the advice and 

^ Cliairman of the Irish Centre, selecting I 

bm naturally and properly enough as the foc^s of thi j 


profession in Ireland. He was bound to the 

matter to the Committee^ who ii; their turn referred 
it to the Council. The Council ruled that the Com¬ 
mittee of the Irish Centre co?ild not act in the manner 
suggested, but that it was competent for the Committee 
to put before the Ministry concerned names of niembens 
who would act as an ad hoc advisory CommrtK^e iTJkui 
their own initiative and responsibility'' fyid without 
reference to the Institution or to the CoinmiUcti of tlm 
Irish Centre. This suggestion was accepted by 4lje 
official in charge of the Bill; a Committee was fniuned, 
and is understood to have done useful iiational work 
as a group of citizens with a particular form of pre.stige 
attaching to them by virtue of tlmr mombershiii of 
the Institution. Nothing, it ^eems to me, could have 
been more correct; nothing more suitable as a precedent 
for the future. 

I submit that it is nationally, ethically and pro¬ 
fessionally, right for citizens of any comitr}'' to givt* 
advice, or to offer to give advice to thc^ G<werninent 
of their country upon technical matters in which they 
are, by implication, expert, I should consider it an 
uncitizenlike action to refuse or to withhold sutth 
assistance. I.hat a Society or Institution should give 
advice ex cathedra, even if it is cmpoweretl to do so, 
is open to grave doubt, and there can bc"uu shadow 
of doubt that an Institution originating in one country, 
however international its puiiio.ses naay be, would be 
acting not merely unwisely but impcrtiiicittly if it 
should presume to advise the Govern ment of another 
nation. That applies with equal force to the .Instilution 
vis-d-vis the components of the British ('ommonwcnillli 
of Nations, as to the Institution vis-^ihvis Fraiu*e, or 
Russia, or the United States of America. Nevertlieless 
a Government might ask, without dej'ogating itself, for 
, technical advisory assistance from the resident members 
of that Institution which had the greatest prestige? 
amongst the nations. In Ireland, I take it, for many 
years to come that. Institution would be the Institution 
of Electrical Engineers to wliicli we have tlio honour 
to belong. 

As our industrial side grows we may expect to receive 
accessions to the Irish Centre from across the W£ilt*r.s, 
engineers iiormally resident in other countiies, but we 
should aim very definitely at keeping the Institution 
constantly before the growing generation. Tlfhre sliould 
be something done by way of propaganda in the technical 
schools and universities, and this much more in the 
interest of the budding engineer than in tlie interest 
I^sbtution.^ The earlier a young man Injconies 
faimhar with the Institution by students! ilo tho sooner 
e IS likely to pass through the ascending grades to tlie 
full membership to which he is sure to aspire. The 
presence Of Students and Graduates o? the Institution 
^ is desired and appreciated by the 

committee, and I hope that the progi*amme for this 

bnng oth^ who are not yet enrolled upon the In- 

Students becomes 
in |y long wc Shall ask the Students to assist ns 

that m^ht mclnde with much advantage vi.sits 
t many electrical stations -uid factories which have 
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lost their appeal to the older members. The Triah 
Centre acting collectively could do splendid educative 
work, hot only for prospective and selected Students 
but for the public at large. 

Last sepion I outlined a power policy for Ireland, 
and nothing has happened since to weaken my belief 
thaft our financial credit depends largely upon the 
adoption of a'^policy of t^at land, ^ The way in which 
the Lifiey scheme is handled by the Government is 
9f ^enormous importance to the country. It is the first 
large scheme in the S&.orst4t, and I tremble to think 
of the national issues which hangj upon it. It is of 
faif more than local importance, and I am not at all 
happy at the thought that the Government may be 
content rather to await outcome of the silent struggle 
between the several interests which wish to develop 
the Lifiey Falls, than to tackle resolutely the problem 
of which this scheme should be a part. Ultimately it 
would be but a small part, but its present importance is 
so considerable because it is the originating nucleus, 
and because it is of immediate interest to the capital 
city. . • 

The credit of this country is just as much or as little 
as its citizens like to make it. Superficially it seems 
to be low at present, but I have never faltered in my 
belief thai? Ihe possibilities were never greater, and 
that the en^neering profession has graver responsibili¬ 
ties and brighter prospects before it than any other 
section of the community. Unity of purpose, unity 
in action, and a dear conception of the goal are 
all needed, and are all attainable by goodvdll and the 
sacrifice of self to service. 

Two events which have occurred recently ought to 
be sufficient in themselves to remove the gloom which 
was sett^g upon the electrical profession and trades. 

I hail with joy the' first number of Irish Engineerings 
and you will join with me, I know, in congratulating 
those who are responsible for the new venture upon 
their courage, their dehghtful optimism (which in my 
opimon is entirely warranted) and their really astonishing 
ability as publishers and editors. For years we have 
felt the need of ^ Irish journal which on the one hand 
would keep us in touch with progress in all parts of 
the world, with particular reference to Irish conditions, 
and which on tlie other hand would act as an effective 
ventilator of subjects which are stifled, or stunted 
unless they are bathed in an atmosphere of crisp, 
practical and wide discussion. The advent of this 
journ^ is of good augury, and every engineer should 
feel himself bound to support it by every means in 
his power. 

The other excellent augury is the establishment of 
the Electricity Supply Association of Ireland, which 
appears Vo be ^thoroughly representative of producers 
of electricity. Such an Association may grow to have 


enormous powers in a modem State, so one pjfays that 
this Irish Association, formed in thf hrst year of our 
independence, with developments of unknown magnitude 
before it, will be guided and inspired in all things by 
tliat sense of community service which needs (^^velop- 
nient infifiitely more than our material resources, because* 
it has relation to that ^fundameiTtal sense of religion 
in man, which is in some danger of l^ng tom out by 
the roots. •' ,, 

I would suggest to that Associat^yT the urgent need 
for pressing the Government both in and out of 
Oireachtas, to press forwarQ certain recommendations 
that have been under cpnsideration for a long time. 

Possibly the most important of these, and the simplest 
and cheapest to put into effect, is the organizatiour 
of a Hydrometric Survey. Another is the Geological 
Survey of the very partially and inadequately explored 
coal measures with numerous borings; and the third 
is to continue and to prosecute vigofotisly the admir¬ 
able work upon the utilization of the Irish peat deposits, 
which has been carried so far by the British Fuel 
Research Board. In that connection I di^w attention 
to tlie Report for the years 1922-1923 which leaves 
no doubt in my mind that the large-scale production 
of peat fuel in Ireland calls for nothing now but native 
ingenuity applied to the special and unique problem 
of devising apparatus for getting the whole of the 
peat out of bogs ranging from 20 ft. to 35 ft. in depth. 
The problem has b&n solved already for the shallower 
bogs of other countries. Surely we shall^uot be baulked 
by this embarrassfhent of riches ! 

All these things are rendered the more urgent by 
the deplorable conditions which persist and worsen on the 
Continerft and fn England. A§ the outletior foreign trade 
decreasSg we shall be forced to become self-dependent. 
to a greater degree than iwe «re at pr&ent, ani} unfess * 
we anticipate this shrinkage by hastening tlfe develop¬ 
ment of our internal resources we- shalt become 
impoverished to an extent which I do not like to 
contemplate. 

In conclusion, I want to- refer briefly to one phase 
tile useful work which this Institution might do. ^Our 
immediate past-Chairman brought before the Committee 
t-be- question of standards in electrical engineering, ^nd 
a meeting representative of consulting engineers, manu¬ 
facturers and contractors was convened to consider 
the matter and to make recommendations to the 
Committee. ^ ^ 

The subject h^ for many years attracted fqjitjh 
attention in England, and there is a mass of infoniiation 
available for our guidance. Time does not permit me 
to do more than express a hope that a matter of sudh 
moment to everyone of us, and of even greater moment 
to the user of electricity, will be pursued witlf* energy 
during the present session. ^ ^ . 
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The optimistic prophecy of ^ universal cheap supply 
of electricity, to be given from a limited number of 
super-stations/* has not been fulfilled, and the intro¬ 
duction ,of the 1919 Electricity (Supply) Act has not, 
to any great extent, brought about the improved 
conditions then ^ticipated. At the same time, tliere 
has never been more anxiety to effect improvements, 
and the great necessity for conserving coal and generating 
electricity o^ more economical lines has brought about 
. many advances in power station practice. The most 
notable of these advances, which I propose to survey 
in this address, are the application of higher steam 
pressures and temperatures, the more satisfactory 
treatment and heating of feed water, the increased 
speed of turbo-generators for a given output, and the 
stage reheating of steam. - , ^ 

Regarding the movement in^the direction of extremely 
high steam pressures and temperat^ires, it cannot be 
said t^at those concerned lack courage; on the other 
-• h^nd it has^to be admitted that our knowledge of the 
properties of metals to withstand suc^ conditions is 
Sim very impeJfect. In ether words, 'the advocates of 
•high limits havp outpaced the metallurgists,^and the 
qufestion ^es: WiU the^gaih in thermal efficiency be 
^obtainW^only at the sacrifice of reliability? The test 
of service alone can answer this. 

Regarding the selection of site for a large power 
station, the advent of the extra-high-voltage cables 
•^f l%rge carrying capacity has eliminated one of the 
difficulties of this problem, in that proximity to the 
loa^ centre is no longer necessary. The factors of 
importance are: ,A.n abundant supply of cooling water, 
facilities for railway transport, and large areas adjacent 
for the storage of coal and disposal of ashes. 

Recent practice in the design and lay-out of stations 
hS'S, ‘generally speaking, evolved a. standard type of 
building having simplicity as the main ndte. The boiler 
house and turbine room are usually .side by side on the 
same level,, the multiple-deck arrangement being no 
longer adopted. Great importance is now attached to 
daylight illumination and to the satisfactory ventilation 
of the Buildings, for these refinements have considerable 
bearing on the maintenance of maximum operating 
efficiency. 

The mechanical handling and conve 3 nng of coal is 
carried out in various Vays, depending upon the local 
conditions, the type of railway wagons available, and 
the intemal and external storage arrangements. The 
, inachinery commonly employed includes vaiibus types 
of wagon tippers and rotary tipplers, together with 
telpher plant and conveyers. Several stations, more 


especially where some of the coal suppHed is water¬ 
borne, make use of pneumatic plaisi, and such plant 
offers the advantage of greater flexibility and speed, 
but at considerably liigher operating cost as compared 
with the methods in more general use. 

The present-day power station requirements of 
greater evaporative capacity for a given floor space, 
and higher steam pressures, have decided the question 
of the t 3 ^e of steam-raising plant, namely, the water- 
tube boiler with its integral superheater; the marine 
t 3 q>e, steel-encased complete unit usually being employed 
in large stations. 

It is beyond the scope of this address to refer to the 
various makes of boilers or to the many improvements 
in design and constructional details which have brought 
about, among other advantages, more effective water 
circulation and greater evaporation per square foot of 
heating surface. It is, however, of interest to note 
the great advance in size and output of the units now 
installed, due not to any probable gain in efficiency, 
as compared with smaller plant, but primarily to the 
necessity of reducing tlie size of the boiler house within 
reasonable measure of the turbine room. Even with 
the la^ge boilers now being installed there is still a 
disparity in the ratio of approximately 1 • 76 to 1. Only 
a few years ago, boilers of 6 000 sq, ft. heating surface 
and 25 000 lb. evaporation per hour were considered 
large units, but these are small compared with units 
of 16 000 sq, ft. and 120 000 lb. actual evaporation, 
now in operation in this country. In America, boilers 
of 200 000 lb. evaporation per hour are becoming quite 
common. 

The selection of the most suitable steam temperature 
is largely a question of the ultimate strength of the . 
materials available, and according to expert opinion 
it is quite practicable to employ a total steam tem¬ 
perature of 760® F, Respecting the use of the higher 
steam pressures, there is considerable divergence of 
opinion as to the net advantage to be gain^, for refer¬ 
ence to the data of a number of the largest British 
and American central stations recently completed or 
approachmg completion, goes to show that tKb adoption 
of the higher pressures is by no means general. Of 
12 British stations referred to, one is working with a 
steam pressure of 476 lb. per sq. in., two have adopted 
376 lb., two 320 lb., four 260 lb., and three 200 lb. 
per sq. in. The total steam temperatures range from 
560® F, to 760® F. The engineers on the other ade of 
the. Atlantic are evidently more optimistic as to the 
superior possibilities of higher steam pressures, for of 
.12 American stations, two ha^e decided upon a pressure 
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of j>50 lb. per sq. in., three have adopted 400 lb., two 
7o lb., one 350 lb., and five 300 lb. per sq. in. The 
steam temperatures range from 626® F. to 726° F. In 
two of the American stations some experimental plant 
at a pressure of 1 200 lb. per sq. in. is being installed, 
to work m conjunction with the main plant 
_ Turmng now to the design of boiler furnaces, tlie 
improvement m connectjon with 'mechanical stokers 
has been very marked during the past few years, and 
^o,far as the mechanism for feeding and distribution 

^ is concerned, it is 

difficult, to see where any further® great improvement 
can be made. From the combustion and furnace 
efficiency pwnt <:^ view, however, tliere is still room 
foi more satisfactory results, and the stoker is yet to 
beadesigned that will efficiently deal witli all grades 
of coal, particularly the low-calorific-value slacks which 
many Bnhsh stations are compelled to use The 
lesults of experience ivith the coals available in this 
th^ brought about the general adoption of 

the teayelling cham-grate type of stoker which, for the 
satofactory combustion of the lower grades of coal 
are ^anged^ for balanced draught with pressure: 

control at different portions of the grate. 
U^ortunately, with this type of stoker the furnace 

Thes^L? ““‘Plete combustion. 

sn«n ^ weakness and. as their 

b“uer tlie furnaces of 

In American stations using, comparatively speaking 
of^ quality of coal having a low percentage 

mulSle r^l?''^? properties, the underfeed 

* very popular, and this type 

r advantages of simplicity of furnace deSn. 
ch»s, and fewer metal parts subjected to heat 
On the question of furnace efficiency, the adaptability 
in receiving consideration, especially 

insttnS^'^d ^ of trial plants have been 

0?of nv f accounts, giving good results, 

one of the objections to tliis method of firing is the 

SSg^a^d Pf^^t required for cfushing. 

on=r^?- Pol'^arizing the coal,' and tlie cost of 
operation. Apparently tlie latter item is not so serious 
and ts thought with the latest plants installed, 

hSi o “sed have a 

from ft^^eblrood of grit being emitted 

tom the chimneys can be met by dust extractors 
«e advantages claimed for pulverized coal 

are . More accurate control of the fuel and air supply • 
thorough combustion of coal of widely varying gr^^’ 

rA 1 ^ patter carried over; no smoke or soot troubles • 

As to tl^'“e^’^ "“ff°rmly high efficiency’. 

As to tlie economical efficiency of such plant there 

With modem liigh-capacity boilers, whatever method 
of fmng IS adopted, the upkeep of the brickwork setting 
IS troublesome.. The ei;psion of firebrick by molten 


ash, the leakage of air into the furnace, fend the 
minimizing of heat radiation from tie,walls, are prob¬ 
lems receiving attenticm. Furnace design in the future 
will probably be in the aii%ction of dispensing with brick- ^ 
work and surrounding the chamber by water-cooled 
surfaces.® One of the features in the iflodern settings, 
for large boilers is the height* df the .furnace. The 
advantage of this is that combustiop is practically 
completed before the gases eifter the tube nests, 
minimizing the amount of heat impinfing on the lotver 
tubes (so liable with forced draught) %^d also the amoiint* 
of solid matter carried overthtc^the flue. At the same 
time it is undesirable to^ increase the height of the 
furnace beyond certain limits, for radiant hent is a 
factor in furnace efficiency. 

The advisability of utilizing, as far as possible, the 
heat contained in the waste gases passing to fhe main 
flue, and of increasing the radiant heat in the furnace, 
has led to the preheating of the aiit for combustion. 
The advantage of this has long been recognized, but 
until recently had not been applied in power ‘station 
practice. Other methods of heating thd» boiler feed 
water are tending to displace water-heating economizers, * 
and air heaters are now substituted or are used in con¬ 
junction with the latter. Further, the improvements 
in design and construction of mechanical stokers and 
boiler settings have minimized possible detrimental 
effects with air heated to about 360° F. 

Another waste-h€!S.t refinement is the placing in tlae 
lower part of the furnace,* where the ashes and chnkers 
are aiitomaticdly flumped, of metal w^ter tanks through 
which the feed water passes on its way to •the feed 
heaters. . •» . , 

Efficieflt coftibustionis dej)endent upon tlie correct 
ratio of^fuel to air, and therefore the advisability of 
having some means of ^cciprately cotitrolling the*^' 
supply has led to the introduction of several^aijtomatic 
regulating systems, but so. far there is little iirfolmatioik 
concerning their application. 

^®™’°val and disposal of the ash and clinker has 
ffil along been somewhat of a problem, and with present- 
day power stations it is a matter of importance atmo^ 
^ual to those of the coal and condensing-water supply. 
Dealing with large amounts of ash and clinker must 
obviously necessitate liaving in use ttie most suitable 
system for the specific coriHitions. Several stations 
have adopted the simplest arrangement possible, namely, 
^ge-capad^ hoppers under eadi boiler, fasm.which 
the ashes, in*, some cases crushed and quenched, *re 
discharged into railway trucks, or as an alternative 
(where height of boiler basement is a consideration) 
mto small steel wagons. In other statio&s the ashes 
and clmker fall from the hopper into a water trough, 
along which they are carried to a sump or adi-pit by 
a quantity of the circulating water dischargeif from the 
condensers, or by water circulating round the sykem. 
other vMations of this syst®m are where the ashes 
an chn <er fall into stationary cwater and are conveyed 
y a drag-link conveyer, dr by water flushed through 
at intervals. Ash-handhng by the coal conveyer 
arranged to return tiirough the ash tunnel is*no longer 
practice. Suction ash plant, hbweverf 
s some favour^ notwithstanding its heavy 
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m^intenalice and operating costs as compared with 
those of the sim^l^r systems. ‘ This system offers the 
advantages of cleanliness and flexibility for a congested 

The j^creased flue-gas temperature resulting from 
operating boilers at high pressures has iDrought 
economizers into favour'again,^for apparently maximuzn 
efflciency of pla^rt cannot be obtained without their 
nse,^and many e«igineers express the opinion that the 
highest overall sta^i^pn efflciency lies in a compromise 
between feed-wate?; heatir^g by stage bleeding, and 
air» and water-heating ]^y utilizing the waste heat of 
the gases leaving the boilers« ^ 

The general adoption of higher pressures and tem¬ 
peratures has brought into greater prominence the 
question of feed-water purification ; and the desirability 
of removing all scale-forming impurities, and also of 
taking steps to prevent any tendency towards priming 
and corrosive action, is universally admitted. This 
question concerns not only the steam-raising plant, but 
also the turbine and condenser. There are a number 
^of well-knowdi softening plants which render most 
waters suitable, as regards scale and the neutralization 
of free carbonic acid, for feed-water make-up, but 
many stations go further still by using evaporators, 
thus obtaining distilled water. The most perfect treat- 
ment of the water, however, may not prevent its causing 
corrosion, for the greater the puritv of the water the 
greater. ;s its tendency to * absorb^ oxygen. Modern 
stations, therefore, employ a leed-water circuit closed 
as far as.jpossible to prevent aeration Trom atmospheric 
coMtactf* and in many cases, where very large boilers 
are installed, one or another of the de-gassing methods 
is also applied.^ For boiler-feed purpos^, th^ steam 
turbine or electrically driven centrifugal pump^ is now 
staridard^ practice*. The a(^option of steam or electric 
^ drive is ♦a ?][uestion of station heat-balancing arrange¬ 
ments. ‘Aintomatic regulation of the, feed water to the 
boiler is very desirable, and there are reliable regulators 
on the market. 

.^The higher the efficiency of the plant installed, the 
greatdl* is the necessity for scientific supervision and 
control, and for the .complete equipment of instruments 
for the attainment of , the most economical resiilts. 

On account of the higher pressures and temperatures 
involved, the pressure-drop between^boiler and turbine, 
the design of valves and fittings, and the arrangement 
of steam piping with special reference to the best means 
of ^galing with expansion and contraction, are prob¬ 
lems of-much greater importance than in the past The 
increase in pressure and capacity of the steam-raising 
units has certainly made for greater simplicity in the 
lay-out of the steam and feed piping. 

Passing J;o the consideration of the turbine room 
equipmenC considerable progress has been made during 
the past few years in the direction of increased efficiency 
and, reliability of generating plant, and in improved 
steam-cycle conditions. fThe general growth of turbo¬ 
generators to the sizes now being installed has been 
considerable in a comparatively short period, and the 
development of the higher-speed machines has been 
s^ill more rapid. The voltage and frequency adopted 
for generation tend more and more for general supply 
VoL. 62. 


to become standardized at 6 600 volts, three-phase, 
50 periods per second, apd for .-this frequency the 
maximum speed is 3 000 r.p.m. 

In the case of an isolated?^ station, the maximum 
demand, the amount of plant available as stand-by, 
and, to some extent, the demand during light-load 
periods, are the important factors deciding the s^ze 
of the set. With a base-load station, ^fe^ding into 
an interconnected system, the problem is som:ewhat~ 
simpler. In this country the size of sets has so fas 
been limited to 30 000 kW at 1 500 r.p.m,, and to 
20 000 kW at 3 000 f.p.m. Thq latter size will be the 
most economical yet produced, taking into consideration 
I both capital cost per kilowatt and p^rfornfhnce, for it 
is anticipated that the efficiency will be little lower' 
than with a set of the same capacity operating 'f'at 
1 500 r.p.m. It must be admitted, however, that the 
lower-speed set has the advantage of reduced stresses 
and therefore greater reliability. In America, where 
station capacities are much greater, there are sets up 
to 60 000 kW in use. 

The continual tendency towards obtaining the 
maximum output at the maximum speed, combined 
with more stringent steam and vacuum conditions, 
i.e. the importance of increasing the heat-drop between, 
the stop valve and the exhaust outlet, has brought 
about many changes in turbine design. Perhaps the 
most difficult problem in connection with greater output 
at increased speed and under high vacuum, is that of 
keeping the length of blades, blade speed and stresses,, 
within reasonable limits, and at the same time reducing 
the leaving losses to a minimum. The methods most 
recently developed for obtaining increased leaving area 
are those known as the ‘^duplicate exhaust^' and the 
multi-exhaust." The adoption of bleeding for feed- 
water heating reduces the quantity of heat rejected to 
the condenser, and consequently decreases the leaving 
losses to some extent. 

The greater the temperature range the greater the 
possibility of casing trouble, due to distortion and steam 
leakage. In all probability the tendency will be more 
and more in the direction of the subdivision of the 
turbine into two cylinders, high-pressure and low- 
pressure, on one shaft. Such an arrangement also means 
some increase in efficiency, and, further, simplifies the 
system of reheating the Siteam before it passes to 
the low-pressure portion of the turbine. The higher the 
steam pressure, the greater is the necessity of adopting 
the reheating cycle. 

Of the various other problems due to the changed 
and more severe conditions of working, those oi the most 
suitable material for blading, and th,e precautions to 
be taken to prevent rapid deterioration, are of impor¬ 
tance. Regarding corrosion, it is considered''that the 
closed feed-water circuit and de-gassing system will 
prove beneficial. Further, most stations are now taking 
the precaution of preventing steam leakage into* the 
turbine when standing. It is also usually the practice 
to leave the air pump in operation for some time after 
the turbine has been shut down. 

The improvement in the design and construction of 
the steam end of the turbo-generator would not have 
been possible if correspondingp'^advances had not been 
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made on the electrical side. Perhaps this statement 
should be put the other (?vay round, for electrical 
designers maintain that the electrical portion has all 
along been a little in advance. Space does not permit 
more than a passing reference to improvements in the 
deagn and construction of large high-speed alternators. 
Although it cannot be said that thg present design has 
reached perfection, considerable progress has been made 
in reducing mechanical and electrical weakness in such 
machines, and obtaining more efficient ventilation, 
particularly in the sets operating at 3 000 r.p.m., with 
thf small diameter and long ^ rotor construction. 
Reliability has ^Iso been increased by more effective 
methods of holding the rotor coils and stator end 
connections, giving greater ability to withstand short- 
circuit stresses. 

Investigations as to the relation of temperature to 
the life of the insulating medium have given more 
confidence and a greater tendency towards the accept-. 
ance of machines designed to work at higher tem¬ 
perature limits, although there would appear to be 
need for caution with regard to some of the high 
temperatures proposed. 

Notwithstanding the fact that water cooling, as 
compared ;:^nth air cooling, means an increase in output, 
the former has made but little headway so far as the 
rotor is concerned, and still less in connection with the 
cooling of the stator. The method at present generally 
employed is to pass a continuous supply of fresh air 
through a dry ** or a *'wet'* type of filter to the 
alternator. Unfortunately, with the best of these 
filters the air will always contain some dirt, and a very 
small percentage in the large volume of air passing 
will mean a considerable weight of dirt carried into, 
and deposited on, the windings of the alternator. This 
serious shortcoming has resulted, therefore, in the 
development of the closed-circuit system of ventilation, 
in which the same air is used continuously and is cooled 
by being passed through a surface cooler. An advan¬ 
tage of this system is the minimizing of the fire hazard, 
in that the amount of oxygen in the air circulating 
would have little effect in maintaining combustion. 
The cooling effect is obtained by passing through the 
cooler a quantity of the condenser circulating water. 
There are cases, however, where the condensate is also 
passed through, and in this way some of the heat 
generated in the alternator is recovered for the feed water. 

Condensing equipment has kept in step with the 
steam turbine development, otherwise the present-day 
economical results could not be attained. It is now 
possible to obtain surface condensing plant which will 
produce a vacuum so close to the theoretical limit 
that only in (Jetail, and, possibly, in reduced operating 
power, can any further developments be looked for. 
Present-day practice in condenser design allows, as far 
as possible, for a uniformly effective cooling surface, 
a-tube arrangement giving the minimum resistance to 
the vapour passing through, and limiting the heat 
transference to a comparatively low rate. This latter 
point is important, for with the cooling surface so 
designed there is soihe margin to meet such emergencies 
as a rise in the temperature of the circulating water, 
dirty tubes, or excessive air leakage into the condenser. 


The necessity for maintaining a very high jfercentg^ge 
vacuum, which means dealing witlf a correspondingly 
large volume of steaqj—^for to obtain a slight increase}, 
in vacuum means a considerable increase in the volume 
of steam condensed—^has rendered still more injq)ortant 
the que&ion of ample exhaust area, so as to ensure the 
resistance and vacuum <£:op bct?veen the tu«‘bine and 
condenser being reduced to a minimipp. It is now the 
practice to connect the condenser direct to tlie turbine, 
that is, without an expansion piec;^,, and to obtain" the 
necessary flexibility by mounting tli/5 former on sprwgs? 
When worldng at higher temperatures there is all the 
more necessity to proyide for free expansion, in the 
design and lay-out of the turbine and condensii?,g plant. 

The difficulty of obtaining continuous condensing 
service over long periods, and especially with dirty 
circulating water, has, in the case of large units, brought 
about the adoption of tlie duplicate set, or a single 
condenser so arranged that half the'^vater side can be 
cleaned while the unit continues running under ^slightly 
reduced vacuum on the other half. 

The usual method of controlling the supply of 
circulating water is by throttling on the delivery side’ 
of the pump, but the variable-speed motor, or the 
two-pump arrangement as adopted in some cases, gives 
advantage in the direction of economical operation. 

Beyond adopting efficient screening plant and taking 
steps to prevent air leakage in delivery pipes to limit 
aeration, it is not practicable to improve the pondition 
of the circulating waterwith the objeqt of preventing 
corrosion of the^ tubes and other parts of .the con¬ 
densing plant. Tliis trouble has long been a* sources of 
worry to makers'and engineers alike*, aii^, alfliough a 
great d6al of^investigation g,nd research work has-been 
carriea^out, it cannot be said that we have travelled 
far towards a solution oi this problefn. Corrpsioni^has 
in a number of cases been reduced by tlie'^application 
of electrolytic methods, but unfortunately the treatment* 
found satisfactory in one case is of little use in another. 
Each case has to be treated independently; there are 
many variables, and time is the most important factpjr. 

The power required, and therefore the cOst of 
obtaining the highest vacuum possible under given 
conditions, is a serious matter, and with fracttonal- 
load stations it may be more economical to work with 
a somewhat lower^ vacuum"; with a base-load station, 
however, the highest vacuum will mean the greatest 
economy. ^ 

Respecting condensing auxiliaries, the requirgifient 
of high vacuum has brought about many improvements' 
in the apparatus used for extracting the air from the 
condensing system. Probably the most popular •of 
these extractors is the multi-ejector, which, compared 
with other methods, offers the advantage of oimplicity** 
and also economy of working when the Vastp heat 
can be efficiently included in the station heat balance. 
Depending upon; the condition of circulating water and 
feed-water supply, it is becoming the practice to 
duplicate the condensate and other pumps, usually 
having each set from 76 per cent to 100 per cent of 
full capacity. Practice also tends more and more 
towards the use of motor-driven auxiliaries, notwith¬ 
standing that many engineerij consider steam-driven 
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au?jiliarie^.to be more reliable. The electric, drive has 
the advantages of Sower first cost, more adaptability, 
also greater economy, that is, when the waste 
heat from the steam drive d?nnot be fully utilized. 
Further,^it may be considered to be equally reliable, 
particularly wH’fere motors are duplicated %a the 
same drive and supplied with energy from different 
sources. ^ ^ '• 

As regards the.systSms for auxiliary supply, house 
turbd-sets generait^ alternating- or direct-current 
ehergy, as the case.piay be^ are now adopted in many 
stations, in some cases tl^ -wdiole of the auxiliary supply 
being obtained from two or iDor;e house sets. In other 
^es on^ set is in use in parallel with the main busbars 
tiirough transformers, and so interconnected that in 
case of trouble on the main system the auxiliary supply 
w automitically thrown on to the house sets. This 
IS a move in the direction of improved efficiency, but 
^Kibly at the sacrifice of some reliability. To obtain 
sml grater efficiency, however, the tendency is to 
dispe^e with house sets and to take the supply from an 
auxiliary mai^e on the main generator shaft, with 
a stand-by supply through transformers or convertinir 
plant, as the case may be. 

Power station apparatus for controlling large amounts 
o energy effideutiy and safely is undergoing almost 
constant change in design, owing to the increasing 
capa,city and voltage of the plant and equipment now 
employed^. The more general intercbnnection of large 
stations IS now a factor to be^taken into account, for 

upon to deal 

wtb shcTf-circuit currents of enormous value, notwith- 
standmg the Smiting effect of reactors which in many 
cases are introduced between sections of^the busbam 
Otter points in the system. * 

P^?<^tice of direct cennacting the generators to 
tteu step-up transformers, i.e. forming one unit, with 
control apparatus on the extra-high-voltage side, which 
my be at 33 000, 46 000 or even 66 000 volts, has brought 
abouf the most notable advance in switchgear 
q^^this country there are oil circuit-breakers now in 
use af 33 000 volts, for which is claimed a rupturing 
^pacity up to li milUon kVA, but this is, of course^ 
an estimated figure only. In order to isolate the control 
apparatus to the greatest possible extent, it is now 
from separate to swiTch and transformer house 
from the mam building. Such houses are of very 
wnsiderable dimensions, for the space required for to 

33 000-volts is something 
s-s, s,part from the necessary sparing of 
^sbars, etc., ^there must be accessibility to all Mrts 
or" inpection and testing purposes, and ready ^to 
^drawal of oil switches and other details. Such gear 
MsWof^-'^^ electric remote control from some central 
fom^f’ solenoid or motor, usually the 

insfrT^^ the majority of stations in this country have 
insl^lpL switchgear of to t 3 rpe relying for security 

^ spacing of to live parte 
m an and enclosed m stoneware or brickwork cubicles 
enclosed compound-filled type of gear 
is>findmg considerable favour. This type has certatelv • 
amongst its advantages,, that of robuSss and reduced 


I Space required, but the parts are not quite so accessible 
as mth the cellular type ^of gear.- Probably British 
en^neers will continue to install the most reliable 
switchgear available, but theih are man}^ stations in 
America, and a number on the Continent, where the 
switchgear lay-out does not include cubicles, and the 
only safeguards are rails placed round each circuit iiillt. 
In tliis country we certainly go to the extreme limit, 
as regards special protection, to minimize danger to*' 
life and to secure continuity of supply. Of course, the^ 
Government regulations here are "much more stringent 
than those in force im other countries. 

Otlier developments in switchgear design include 
improved methods of mechanically or^'electrfcally inter¬ 
locking the oil switches and ckcuit breakers with the 
isolating and selector switches, and of securing the 
latter against any possibility of being blown out. 
Improvements in the design and construction of current 
and potential transformers have given greater con¬ 
fidence in these details. It is now usual to include 
resistances in circuit with tlie latter to limit the current 
due to a fault. Modern practice does not include 
potential transformers in the main busbars, and small- 
ratio current transformers are not installed. 

The previous remarks as to the fullest advantage 
being taken for the protection of swutchgear in this 
country, also apply to the automatic i.solation of fa,ult.s 
in generators, transformers and feeders, for British 
practice makes full use of the various protective systems 
available. ISTo doubt such practice will continue until 
some revolution in plant design dispenses with their 
necessity. In other countries practice leans to the 
opposite extreme, for in the majority of cases the 
protective devices are of the simplest kind. Several 
American undertaldngs are taking steps to ensure 
greater protection by such means, but owing to the 
size and complications of the systems the problem 
offers many difficulties. The necessity for electrically 
operating ^e switchgear has evolved supernumerary 
consol, which automatically indicates the existing 
condirions^of the system, as regards both the generating 
and the dispatching of energy. ^ 

aa address as this it is impossible to refer 
f subject of such magnitude as power 
stefron practice but it is hoped tot sufficient has been 

SL? ^ ^®''^ development. 

? it «*ay be of interest 

Snera^L^ffl®^ observations regarding pretot-day 
generatmg efficiencies, and those anticipated in the 

Sid^W ^ 1 ° ^PPii'^ation of higher steam pressures 
S«r,n “ ^®^®“®“ts. The results .of power 

ElSc^ "®®®“<=^y published by the 

£ tot tom somewhat disappointing. 

thermal efficiency'&oes not 

Mtor ^^^lp Farther, to case for 

SSe of to W u f^ot lhat 

ome of the best results are from stations workino' 

TOte comparatively low pressures and under no better 

lo^ factor conditions. Ihermal effirieneV is not to 

only factor in economical generation; capital and maS 

te^ce costs are also of importance, but to reTZ^ 

certainly emphastee to necessity for maki^ e^ery 
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effort to obtain increased thermal efficiency as a net It is maujtained. that an increase of 2 per* cent can 
advantage. be obtained with pulverized-coal #ring, under similar 

The figures given by the Commissioners show that working conditions. * ** 

there are stations at present generating 1 kWh for Turbo-generator ?te®m consumptions have beefi 
lc8 000 B.Th.U/s. of heat, and in America there are reduced to 10 lb. per kWh, including the auxiliaries, 
stations approaching completion where figures of and ai? efficiency ratio of 77 per cent, inclilding the 
000 and even 12 000 B.Th.U.*s, equal to an overall generator, can be obtairted. Ijnprovements jiow pend- 
efficiency^of*24 per cent, and 28 J per cent respectively, ing in turbine construttion will, it is anticipated, lead 
“ are mentioned, but to obtain the latter result some of to an increased efficiency ratic* lliings are moving 
^the plant will be required to operate at a steam pressure rapidly in these times, and we may Realize sooner-than 
of probably not less^than 1 200 lb. per sq. in. expected the possibility of produCflig 1 kWh for, say. 

These results will not be obtained by increasing the IJ lb. of inferior coal. ^ , 

pressure and temperature ranges only, but also by British engineers and^ manufacturers of plant will 
reducing ecdsting heat losses and by improvements in not be behind those of dther countries in their endeavour 
other directions. For i^istance, the operating efficiency to achieve the last word in economy, and so to cheapen 
of large present-day boiler plant, including superheater the production of power as to place the industries of 
and stoker-fired furnace, may be .taken to be at least our Empire in a position to meet all competition in 
80 per cent, with coal of approximately 10 600 B.Th.U.'s. the markets of the world. 
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By Major H. Bell, Member. 

(Abstract of Address ddivered at Leeds, 13/A November, 1Q2Z.) 


M no period in the higtoiy of this Centre, in conuncin 
mth that of the Empire, have greater problems arisen 
than tbq^e which face lis at the present time, and it 
^ with the con-wction that we, as a territorial unit 
of the parent Institution and members of an increasingly 
important section of the community, will play our 
part successfully and witli advantage to others, 
tliat I look with •equanimity upon the approachinir 
sesaon. • . . ® 

I feel I shall be voicing the thoughts of the whole 
of the membeJ-ship of tiie Centre when I suggest that 
toe events of the past ihohth are such as to inriiVa t e 
ttot broad changes in fiscal policy are likely to take 
effect at no very distant date and, although ’ fuUv 
rea^mg that within the precincts of the Institution 
IS toe last place in which anything in the nature of 
a pohtical controversy should arise, I am tempted to 
offer a few observations on'this siinject in the hope 
that toey will enable us to envisage m6re correctly 
any cha^e which, may come abou? and the more 
readily adapt ourselves to such change. ’ 

^e^ous td’lfil'^ it was an oft-heard cry that the 
Bntish electrical, industry,^ then relatively sihall in 
I)oint of capital invested, was stifled by reason of foreign 
coi^etition, but In the ramks. of our profession tWs 
behef was naturally not unanimous ; I say “ naturally " 
because to® electrical indilstry. more than any other 
embraces so wide a field of operation that whilst 
development IS taking place in some of its branches 
depression might easily exist in others. * 

Assianing that a change in fiscal policy is about 
to ^e pl^, we are justified in speculating as to its 
probable effect upon ourselves as a body, ahd I tairA 
It that 1 shall en<»nater few. dissentients when I suggest 
that at any rate the immediate effect of any such cWe 
must be beneficial and that there W at once be a 
mcreased demand within the Empire for British 
manufactures To supply these.- successfully 
It ■will be at once conceded that they must be the equal 
Of, and in fact supenor in every way to, those of all 
competitors. 

• freat w^, however harmful its effect, certainly 
acteeved cme toginthatit stimulated in other countries 
collaterally wth our own, an intense scientific develop¬ 
ment m wtech electridly invariably figured in the 
van^ard, thw stimulus being in some cases the result 
^ire nec^ty and in others of enhanced opportunity, 
TOlatever the cause, however, it will be pj^nt thTt 
ff we are to achieve the superiority of which I have 
J^t spoken we must leave no. stone unturned to ensure 
^t je .axe m every sense equipped to meet these 
altered and more scientific conditions. : V 


The burthen of mjT* foregoing remarks may be briefly 
summed up by saying that in the future it will fie 
doubly incumbent upon us, aS an Ciriporant branch 
of an Institution to which the*^ peoples of tliis Empire 
are daily tuiming with increasing dependence a^ld 
esteem, to apply ourselves with all our vigour and 
•energy to tliose-problems in coimection with our internal 
economy which will tend to increase our sphere of 
utility, our efficiency, and the goodwill of others 
towards us. . . , 

As one of the principal factors in the attainment 
of these ideals, I should Tike to refer to the time-worn 
theme of the infusion of new blood iirtp the Institution. 
After five years of hostilities, with, their attendant 
par^ disorganization of educational effort, "and after 
a further five years of industrial dislocation, the 
steady influx into tlie Institution of the requisite 
number of adequately educated students has naturally 
be® somewhat disturbed. It behoves lis to ensure 
as far as possible that this state of affairs is remedied 
and that every entrant into the local rafllrs of the 
electrical profession, 'if his educational qualifications 
are appropnate, shall contemporaneously become a 
student of our parent Institution and an active partici¬ 
pant at the meetings of this Centre. He will of necessity 
oiffy develop into the latter if the suitable germinating 
influences m tlie shape' of goodwill, sympathy and 
enthusiasm are apparent in the attitude of his older 
confreres. He must be encouraged • to look upon the 
Institution as his Alma Mater to which he can at all 
tim^ go for technical assistance and advancement' 
profeMional guidance and happy associations. 

It is, of course, impossible materially to assess the 
advantages to be derived by an intending entrant 
^m memberstep of toe Institption. In order tolachieve 
toe highest ideal and the greatest' degree of esnrit 

be ^vantages should theorfetic^y 

be ml and I tomk that, with regard to tlie infusion 
of nw and suitable blood, broad success will come 
^e more .readily if both intending candidate and 
sponsor clearly envisage this desirable principle 
Itis extremely gratifying to be able to state, by reason 
^ toe happy relationship existent betw®n thS North 
Mi^d C®ti:e and the two Universities more im- 
m^ately concerned—due largely to toe co-operation 
and_ entou^m of toe respective faculties—ttot -toe 
Students' Section of this Centre is to-day really » afrve ° 
increased electrical developments 
I have ventoed to foreshadow earher and^which 
we have every right tb expect, this is not of itself 

legitimate means, contrive 

that the inteUectual activities of the younger classes 
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are fostered to a degree which will ensure at all times 
a personnel adequate in every sense to meet the in¬ 
creased responsibilities which are destined to devolve 
upon the Institution, c* 

^Turning to a general review of electrical progress 
as more espedally affecting this particular Centre, 
w(r are fortunately able to record that in spite of an 
unprecedentedly long and severe "period of industrial 
‘‘depression, the electrical industry has escaped more 
lightly than is, generally speaking, the case in other 
trades. The reason xor this is difficult to determine, 
unless possibly it is due to the^^fillip which has un¬ 
doubtedly been given to domestic usage by reason of 
the greater; standard of comfort now demanded by 
the public. The electrical industry is to-day so highly 
specialized that we each understand comparatively 
little of tlae others' pursuits and activities, but it is 
correct to say that the electricity supply industry 
inay be looked upon as a barometer showing the con¬ 
dition of the trade generally. 

It will he well within the minds of most of the members 
that specific and highly detailed information is now 
available in the shape of the Annual Report of the 
Electricity Conjmissioners, which report has been 
available for the past three years, and I make no apology 
for drawihg your attention to several interesting facts 
revealed on perusal of the recently published Third 
Report. 

One of the primary objects of the setting up of the 
Commission under the Electricity Acts of 1919 and 1922 i 
was the formation of Central Authorities fpr the achieve¬ 
ment of the cheaper production and more complete 
and penetrating distribution of electricity to all who 
desire to make use of it. The report in question brings 
to light the fact that such bodies have already been 
set up in 16 of the most important areas of the Kingdom. 
For the year under review 12 of these areas produced 
over half the total energy generated by public service 
corporations in the country, equivalent to approximately 
3 000 million units. The total production of all under¬ 
takings for the year shows an increase of 17 J per cent 
over the previous year* 

It will be obvious that the reorganization of the varioxis 
undertaking concerned, following upon the more 
precise delimitation of their areas of supply, has 
resulted in a largely increased installation of generating 
and ancillary plant amounting for the year to over 
400 000 kilowatts, as compared with 170 000 kilowatts 
for the previous year, the to^al increase during the 
period since the setting .up of the Commission amounting 
to the stupendous total of ij million: kilowatts. These 
additions, translated into monetary value, which of 
necessity is what more, immediately concerns us, re- 
present**an e:£peuditure of £26 000 000. 

The foregoing figures are sufficient to demonstrate 
that the Electricity Acts of 1919 iand 1922> although 
the*subject of serious contention in their passage through 
Parliament, have resulted in very real and inestimable 
benefit to the electrical industry as a whole. Further 
perusal of tiie report shows that there are how existing 
in the country at least three public service plante 
producing over 200 • million units annually, and six 
plants producing over ^alf this figure. 


My objept in drawing attention to these few salient 
facts is to endeavour to show thah Great Hritain fias 
** electrically" awakened and is ifow taking a place 
commensurate with^h^r commercial greatness. If 
vdll be a matter of general interest and satisfaction to 
all that the efforts of tlie Commissioners hrfVe been 
successful in achieving fin appreciably greater degree 
of standardization of 'voltage—^the absence of which 
has hitherto done much to hampef^^and restrict the 
general development of the industry. 

In passing, also, I am prompted tG cLraw your attention 
to the steady but persistent ^ncrease in fransmistion 
pressures, a matter of paramount importance in con¬ 
nection with the cheap distribution of electricity. A 
pressure of 33 000 volts seems to have become r&ognized 
as a standard transmission voltage, no fewer than eighSfc 
undertakings having carried out developments at 
tliis pressure during 1922-3, and it is further interesting 
to note tliat there already existSr pne underground 
system operating successfully at 66 000 volts. 

With regard to the conservation of fuel, aboiHt which 
so much has been written since the closing stages of 
the war, it is gratifying to find that, due to a variety- 
of causes, not the least of which has been the centraliza¬ 
tion of generation, tliere is a steady and persistent 
decrease in the amount of fuel required to produce 
a unit, corresponding to a drop of approximately 10 
per cent for each of the past two yems. The actual 
: saving in this item last year over tlie preceding year 
amounted to more than £600 000. I have pleasure in 
drawing your attention to the fact thar our Sub-Centre 
includes in its area two undertakings which«*cpnjointly 
figure as second in the national list* of minimum fuel 
consumptions. In point of fuel economy, the British 
supply^ industry compares'“extremely*" favourably "with 
its transatlantic neighbouj, operatkig as the latter 
does on a scale of so much greater magnitudef ^ 

After cai-eful consideration of the foregoing facjjs; 
taken in the aggregate I feel sure there will be little 
difference of opinion amongst us that in spite of the 
abnormal trade depression existent tliroughout the 
Kingdom, no matter what the cause, our iiidusCry 
has escaped in a large.measure its ill effects. 

I am somewhat loth, after the above remarj^s, to* 
strike a minor key, but I should 4ike to offer a few 
observations on the topic ^of electric street traction. 

It will, I know,, be*" a matter for common regret that the 
development which has been so obvious ap.d insistent 
in nearly all other* branches of the industry haSf un** 
fortunately passed by the door of the street traffiway, 
^d I suppose I shall not engender any dissent when 
I suggest that there is little difference between ihe* 
electric tramcar of to-day and that of two decades ago. 
Contemporaneously witli this dormancy otlg^r means^^^ 
of locomotion have improved at so phenonsrenal a rate 
that opinion to-day is very divided as to whether the 
tramc r, as we at.present understand it, will not evanesce 
like its predecessors the horse jjrani and the steam tram„ 
or be relegated to the comparative obscurity of our 
smato provincial towns. Unfortunately, this is the 
treatment which has been already meted out to it . 
to a considerable extent in the ’United States, and tfee 
growmg disincUnatibtt of street authorities in this 
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country to give additional way leave facilities^would seem 
t(f indicate that si^nilar defection may take place here. 

Viewed in pers'pdbtive, it would be difficult to diagnose 
*the exact cause of the present? unpopularity of the 
street car, but probably the absence of progression 
which f have •previously indicated is the dc^ininating 
influence^ coupled alse ’^th ttte fact that traffic problems 
. are now becoming so acute in even the smallest of 
towns that therfe^is Bterally no room left for it. With 
commendable coinmercial spirit most of the large tram-: 
#wa^ undertaking# •have realized the inevitable and 
h^ve availed theffiselves •pf the improvement which 
has taken place in oth?r forms of locomotion, with the 
result that, though possibly ttte country is the gainer, 
yet th% electrical industry and contemporaneously 
•this Institution are, to some extent, the losers, 

I cannot help feeling personally that there is probably 
a via media in this matter and that, given concentration 
of thought and^gw energy in its development, there is 
still arnple possibility for improvement in the trolley 
car which would at any rate place it on a more equal 
footing, in point of speed and noiselessness, with its 
younger rivals. Another very interesting speculation 
in this connection is as to whether the present relative 
decline of the electric car may not bring in its wake 
very real advantages in the way of a more intimate 
association between the electrical and the automobile 
industries through the medium of the “ electrobus '' in 
one form or another, and I do no'!> think that by any 
means the last word has beerh heard in connection wifii 
this type of Vehicle. ^ 

In contradistinction to the lack of progress in street 
tmctioH, th© star of railway electrification appears to 
be in the ascendant, and signs are not*'wanting that 
not* only is electricity to %ake its natural place in the 
•operation of all^^of our c^enser suburban lineh where, 
of course, its success is well assured, but that additionally 
• jn this priqyerbially conservative island of ours, main-line 


development is being planned and will be put into 
effect at no distant date. , 

Closely allied to locomofion is the problem of electric 
ship propulsion and it is rather a matter for regret to 
have to record the fact that, due to the extraordina^ly 
depressed state of maritime transport, there has been, 
with certain few exceptions, little real progress^ in 
this country sinc^ the cessation of hostilities. The 
United States, on the other hand, due possibly to the 
encouragement derived from the construction of tl^ 
“New Mexico** and her sisteir “ dreadnoughts,** has 
applied the experience gained thereby to a number 
of mercantile vessels. It is satisfactory to note, howe^'^r, 
despite the tremendous activities ofsChe X^ited States 
Shipping Corporation during the war and the impetus 
which these naturally gave to marine design and progi^ess 
in that country, that the last three electrically propelled 
vessels sailing under the American flag were built, 
engined and electrically equipped entirely in this 
country. 

I feel that iny remarks would be incomplete if before 
closing I made no allusion to the forthcoming British 
Empire Exhibition to be held at Wembley, commencing 
in the spring of 1924. There is evidence on every hand 
that the electrical industry is fully alive to the desir¬ 
ability of being represented in a manner Ijefitting its 
present importance, nearly all sections being represented 
through one or other appropriate organizations. It 
only behoves us therefore individually to do all in 
our power by our presence and in all other possible 
wa 3 ^ to assist towards the success of this great effort 
admirably and opportunely conceived by the Mother 
Country and her Dominions. 

Finally, in common with all my predecessors I ask 
your material support for the Benevolent Fund of the 
Institution. At no period of its existence has the 
fund been more inadequate than it is to-day to meet 
the very real necessities arising. 


'40 


MITCHELLSCOTTISH CENTRE: CHAIRMAN'S ADDRESS. 


SCOTTISH CENTRE: CHAIRMAN’S ADDRESS 
By R. B. Mitchell, Member. 

‘THE ELECTRICITY SUPPLY BUSINESS AND ITS FUTURfiJ*’ 

^ (Abstract of Address delivered at Glasgow, IZth November, 1923.) • • 

Development. 


The scope^ of this subject is so very wide that it is im 
possible to considS* it in all its bearings at one meeting. 
To touch briefly upon sonie of the vast possibilities which 
lieT)efore us in this sphere of industrial activity may 
be of interest. . 

It is, I think, realized by only a few that we in this 
country lag considerably behind America in so far 
as the uses of electricity are concerned. In Chicago, 
for instance, a state of development has been reached 
in which the demand is 700 units per head of the popula¬ 
tion. We in Glasgow have only attained to 130 units 
per head, and only very few undertakings in the country 
have gone-beyond this figure. 



F^g. 


1.—Comparative outputs of electricity. 


It is mt^ting to trace the growth of the eleotridtv 

T ^ years, and compaS 

It by means of curves with similar development in 
Glasgow (see Fig. i). it will be noted that for a Lv 
penM of years the line is on the horizontal, later on 
trending upwards to the enormous outeuts of the 

bdore us in this country if we assume 
SI development in thS^coun^S 

f^ow chBely on the lines of those of the large citiS 
on the other side, axe boundless. Durinv tL .,0!! 

Sb^®^d*^L*^d "”***”* marimum load We 

ebbed and flowed m an unusual dewee In wba* 
may be termed the '* boom " year of mo-si 
-ay be « beve ie» e? 


expansion at a rapid rate»dusing the years of war. 
^ the year following, fanie a rapid falling-off, and. 
in the current year, a turn for the better. , 

The curves of output and maximum demand ir^ 
Glaspw during the years 1916-192.3 (see Fig. 2) may, 

I think, be taken as t 3 ^ical of the experience of the 
majority of similar undertaldngs throughout the country. 
If the curves of output from month»to month during 
tbe past four yearn are followed (see Fig. .3), the rise 
and fall and again the steady recovery will be seen 
in a more marked degree, in spite of the filet that trade 
is still very bad and unemployment general. It will' 
be noted that for the first months of the present year 
beg^ng on the 1st June, the output exceeds that 
of 1920-21, the boom year. 

If the experience in Glasgow reflects tliat of other- 



iai5 1916 1911 1915 1919 1920 Mq iflw. 

Fig. 2.— Annual output, and maximum load. 


undmt^gs, then those engaged in the hu.siness of 
eloitncity supply will require to .set theh liouskL in 
order, so that when this flowing tide sets in itWv 
be adequately coped with. • 

Generating Stations * 

th. S-aa. Malioa 

most: important share of the load ^ 

Xy tb= 
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but surely bring about the closing down of the small 
an4 uneconomical stations and the concentration of 
power generation in«large stations well placed as regards 
fuel and water supplies. Gesemlly it wiU be well 
\rorth while to equip these large stations with the most 
efficienteplant gbtainable. The load factors (srf 
stations will be mucl; better ,tlian those obtaining at 
the preseiJt day, and not initial cost but economy 
of operation—consisteijt with reliability—will be the 
first, essential. \ 

^ Nowadays electrifcal engineers engaged in the design 
and lay-out ot new*power itations or the extension of 
existing stations have td^face problems more numerous 
and difi&cult than any ever Encountered in the past. 
In the boiler room the problems presented are i^he 


In the turbine room, the capacity and type of the 
turbine ihost suitable for local .requirements; tlie 
electrical drive of the aujiiliaries ;* the provision of 
duplicate or triplicate supplies from different sources 
for this auxiliary drive; the question of heat balance, 
which brings in the possible stage bleeding of turbine.C; 
the reheating of steam and the utilization of the heated 
air from generators,oall call for serious consideration. 

In the switch house, consideration has tc? be given 
to the question of switchgear to be adopted, whether^ 
of open or enclosed type, also the,voltage of generation® 
and transmission. 

In the boiler house the trend is towards larger ai>d 
larger units, and it looks as if we may-.aiTive some day 
at the stage when one boiler only is installect^per turbine 



Jtanje JcHy 

Fig. 3—Glasgow Corporation Electricity Department; output comparisons. 


high-pressure boil^f and its combustion chamber, and 
the methods of firing (wl^^thw by coal on travelling 
grate or oth^ stokers, or by pulverized fuel produced 
and bum^ in three or four different wa}^, or by gas 
incmding the methods used for producing the 
gas) .• Then there is the system of asli removal to* 
consider, whether by suction, by the simple direct 
method by means of wagons brought under the ash 
hoppers, or by one or other of the new hydraulic methods. 

The n^tilization of every possible heat unit in the 
flue gases Jias also to be striven after, and here there 
is the possible use of either economizers or air-preheaters, 
or both. The feed pumps may be either steam-driven 
or^electricaUy driven, or both types may be instaUed 
to be used as occasion requires for the mainteaiance of 
the heilt balance. The feed water make-up, if obtained 
tom a river or town supply, may require treatment 
"tP hiake it suitable: for boiler-feed purposes. or, as an 
lalteriiative,. the make-up may be evaporated. ; 


umt instead of three or four as at present. This arrange¬ 
ment may have some advantages, but it has obvious 
disadvantages. My own view is that imtil load factors 
we very much higher than they are at the present day 
it is better to carry on with moderate-sized units. 

Again, we hear of very high steam pressures being 
^eriment^ with, a figure as high as 3 200 Ib./sq. in. 
being mmtioned. This very high pressure -is chosen 
because at that figure no heat is absorbed in the change 
tom -^ter to steam. The pressure of. the steam is 
reduced in posing tom the boiler to 1 500 Ib./sq. in., 
^d passed into a high-pressure turbine, exhausting 
therefrom into another turbine of ordinary type at 
a pressure of 376 Ib./sq. in. This development h^'not 
gone beyond the experimental stage, and no results 
are ava^ble. It marks a tremendous advance on 
present-day practice, but if put into use it does not 
appear to make for the ease of mind of central station 
engmeers. Boiler makers anticipate no difijoulty in 
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providing boilers for these high pressures, but the valves 
and boiler mountings generally present a real difficulty, 
and much development is required if these appliances 
are to be brought into line with other parts of the plant. 

Increases in the efficiency of steam turbines may be 
looked for from increases, by stages, of pressures and 
temperatures to the highest figures possible. It has 
been stated that turbine designers anticipate no particular 
difficulty £n designing machines for 1 200^1 500 lb. per 
sq. in. This is a subject of great interest to engineers 
at the present time. ^ For these high-pressure machines 
two cylinders will undoubtedly be used, and in the 
ffigh-pressure cylinders the parts will be small, with 
consequent safety. 

With the increase in steam pressures and temperatures, 
it becomes more and more essential to use pure water 
fdr boiler make-up purposes. The present-day practice 
is strongly towards the provision of evaporators to 
ensure that the feed water is absolutely pure. 

We may look forward to the operation of all large 
valves in power stations by hydraulic or electrical 
means, 

V^le boilers are increasing in size, so are stokers. 
Until recently a boiler of, say, 50 000 lb. per hour 
capacity was provided with three stokers of the travelling- 
grate type. The provision of two stokers, or even one, 
for a boiler of this size is now considered to be quite • 
good practice. We read of a single travelling-grate 
stoker, 24 ft. mde by 18 ft. 3 in. long, being supplied 
fora boiler m the Calumet station of the Commonwealth 
Edison Company, Chicago. It is stated that results 
from this stoker have been very gratifving, an overall 
efficiency of 81 per cent for the boiler unit having been 
obtained over long periods. 


Gas-firing of Boilers. 

The fimg of boilers ia power stations by low-grade 
gas produced as a by-product from coke ovens or 
smokeless-fuel processes, is, I believe, limited only by 
the supply of gas available. There is a great need of 

smokeless fuel m large cities, the use of which would 
*0 solve the ever-present smoke 
problem, at any rate so far as the domestic chimney 
IS concerned Glasgow, I am glad to say, is taking 
the le^ m the consideration of this que^ion, and a 
of the Corporation is at the present time 
gomg into the question of ways and means. The 
Elwtncity Comnnttee has co-operated in agreeing to 
^e su<* gas as is available from the process for bliler 

to Ih. cct il Orii,„y ooU 

suffiS fuel or other processes, 

sufficiei^ for^e requirements of a large station can 

WO^ 

.. • ^’^^sd for a station of, say, 100 000 kW 

^pac^ which might consume in the ordinary wav 
from /OO to 900 tons of coal per day, may be^Lized 
-when It IS kept in mind that the he^^ valL of 
IS only oneJourth that of the coal from wS<^it®S 
proceed. Tto is apart altogether from the question 

hovS^e^^?^*^f°^ ^ scale, 

however, the system w quite feasible, and I think it 


will be agreed that the firing of boilers by^as is an 
ideal metKod. ^ 

Powdered Foe£. * * 

An alternative meChdd of boiler firing which is now- 
receiving more and more attention is that in which 
coal in^owdered form is used, the poi^der, m^ed with 
its proper proportion ofair, beidg blown frem nozzles 
into th^ combustion clTamber. Here^ye have a method 
quite different from that of gas-flting }n that it is applic¬ 
able to stations of any size without ^terially increhsing 
the space required. ^ i* 

The cost of installation of pulverizing plant is about 
equal to that of chain-grate stokers, but the cost of 
operation is necessarily greater. The question then 
is: Does the improved efiaciency of combustion—the 
possibility of using lower-grade and cheaper fuel, the 
flexibility of operation of which is undoubt&l—of the 
pulverized fuel plant more than make up for the innrAaBed 
cost of operation and maintenance.? It must not 
.J^e forgotten that up-to-date stokers with well-designed 
combustion chambers will bum eflSciently the lowest 
grades of fuel. . •> 

Efficiencies of Power Stations. 

In the Annual Return issued recently by tlie Elec¬ 
tricity Commissioners, it is interesting to note that the 
highest -thermal eflSciency obtained by any station in 
was 17-80 per cent, representing 19 103 
B.Th.U.’s per unit delivered. This may be quite a 
creditable figure, but it c£n no doubt be greatly improved. 
The return ^1 6e of great benefit if it only, serves to 
foster the spirit of emulation among engineers itnd staffs 
of stations in the various grades. * . * 

I t^k iris safe to predict that thermal efficiencies 
of 26 ^er cent will before long be obtained. This 
figure will be arrived ah bjr the use of higher .pressures 
and temperatures, preheating and bleeder feed-heatinn 
and a close study of heat balance. A thenn^l efficient' 

Of 26 per cent, representing 13 600 B.Th.U.'s per kWh 
^ p^ic^ for the Weymouth station of tlie Edison 
Electric Compmy of Boston, U.S.A. The coal con¬ 
sumption m this case -will be less than 1 lb. pef kWh 
ance toe caloi^c value of the fuel used is 14 400 
J3.Tli.U.'s per lb. # 

“ not everytliing; it is toe total 
cost of toe umt dphvered at toe consumers’ terminals 

oim/ ^ ^ipital charges. 

maintenance costs, must betaken, into 
^unt. Ihe day may come when these factdm’wiU 
be included in toe Commissioners’ Reports, kM the 
usefulness of the Reports thereby very much increased. 

Air Preheaters. 

It is ^en^ nowadays to utilize fuel, rf)n account 
^ctent^* Its value as a national asset, in the most 

secSiX^vS^*^^’ vrith toe view to 

^ Sreat^ economy,^ttention is being directed 
to staefr temperature, and the possibiUty of recovering 
heat mute from toe gases entering stack -iSh 
would otherwise be wasted. , wmon 

. ? ^eve that air, preheated to a modmate demee 
before It en^ the furnace, is a good thing, as tS 
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will not only be the saving in heat, but also combustion 
will be iriiproved it will be possible to bum low- 
jfrade fuels efficiently. It is argued that an increase 
In the furnace temperature gejteimily increases the rate 
of radiant heat transfer to air boiler surfaces exposed 
to the dKrect rays of the fire. If sufficient boileff surface 
is exposed, a greater^ proportion of the heat from the 
coal is absorbed as radiant heati.with preheated air than 
is the case withdUt preheating. Under such cohditions, 
less •heat remains «to be absorbed by convection and the 
^ue-jg^as temperatufes are lowered. In other words! the 


with the different systems of operation. One of tlie 
questions to be settled was the relative efficiencies of 
driving auxiliaries (1) by steam, arid (2) by electricity. 
At Dalmamock the auxiliaries have electric motor 
drive, and these can be supplied either from (i) house 
turbo-alternators exhausting into contact heaters, ““or 
(ii) (a) works transformers or (6) unit transformers on 
each alternator. ^ ^ 

A series of tests was carried out recently to obtain 
information on this point, with interesting results? 
Turbine designers usually maintain that the housS 


ialmamock ?ow^ Station : Comparison of two Methods (A and B) "of Running AuxUiaries. 


Average*load, kW. 

Steam pressure, Ib./sq. in. 

Steam temperaljutfe, ° F. 

Vacuum at exhaust flange (bar. 30 in.), in. 
Teniperature at exhaust, ° F. 

Condensate ffemperature:— 

At condenser, ® F. 

At heater outlet, F. 

Circulating water:— 

Inlet temperature, ® F. ,. .. 

Outlet temperature, ® F. 

Total auxiliary consumption, kW .. 

Aux. copsumption.X 100 ’ ^ 

'^tii output- 

steam pgr unit generated, turbine, lb! 

, Steam per upit generated, overall, lb. 

Coal per unit generated, lb. 

Heat units per tait generated, B.Th.U.^s . 
. Co^ per unit delivered, lb. .. 

H^t units per unit delivefbd,-»B.Th.U.'s .. 
Calorific value of coal, as fired, B.Th.U.'s. ^. 
TBoiler ro5m efficiency, per cent .. 
turbine room efficiency, per cent .. 
Overall efficiency 

•• Per unit generated, per cent .. 

Per unit delivered, per cent 


16 489 
268 
770 

29‘076 
84 


17 368 
1-78 
17 964 
10 092 
80-79 
26-92 


17 109 
268 
768 

29-146 

83 


1-684 

17 396 

1-76 

18 077 
10 330 

79*79 

26*44 


Conditions of tesf" • ' ! ^ -- 

^ A—With auxiliaries arivOT from a unit transformer connected directly to the alternator, the air pump being 
■D -ixr-1 Steam Rector exhausting into feed heater. Electrical feed tfump l'- P 8 

•V p««.p wng oj tt. 


total heat Ixansfer will be increased, and the boiler 
efficiency will be further improved by the use of pre¬ 
heated air. In view of this argument it seems likely 
that air heaters, along .with economizers, ,to ensure 
ttet stacife temperatures will not be much above 300° F., 
w41 come into general u$e. The difficulties arising with 
brickwork, etc., in combustion climbers when air iS; pre¬ 
heated to a ye^ high degree, say when economizers are 
dispensed wi^ altogether, have not so far bei^n overcome. 

• Power Station AuxixiARiEs, 

At Bahhanipck, the tm was. modified 

in several dir^tions; so; to could be obtained 


turbine method is the more efficient one. The test I 
am about to describe does not bear out this Contention. 
The method of conducting the tests was to isolate one 
turbine unit and three boilers from the rer^jiainder of 
to station, and operate to turbine first with its aux¬ 
iliaries driven from a unit transformer connected directly 
to the alternator, the air pump being of the steam ejector 
type exhausting into feed heater; and secondly, with 
to auxiliaries driven from a small house turbine ex¬ 
hausting into feed heater, the air pump being of the 
Leblanc type. 

The two different systems are referred to as "A'* 
and B ^rin the table. In the first case an electrically 
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driven feed pump was used, while in the second a steam- 
dnyep pump was in operation for the boiler feed. It 
be seen that the overall efficiencies obtained are 
poetically Identical in both cases, so that in this respect 
transformer scheme is thoroughly 
justified. The separate drive for the auxiliaries has, 
h(Oever, a gr^t advantage during fault conditions or 
•Oen ffie station is suddenly overloaded, as in these 
auxiliary motors can readily be 
maintamed, whereas vdth the unit transformer system 
the speed must fall wHh the drop in frequency of the 
main machmes. ^ 

c • ’ . 

Safe OPERCnoN'^F Large Power Supply Systems. 

The pa^ld operation Of aU plant is the ideal method 
^m a standpoint of efficiency, and if automatic pro¬ 
tective gear could be entirely depended on there would 
be no meed to adopt any other system of operation. 
It is,_ however, impossible to avoid occasional short- 
circmte between phases, and when these occur the 
electricd and mechanical stresses are liable to cause 
senous fadures of apparatus such as oil switches, and in 
this rroy brmg about dislocation of the system. With 
complete mterconnection the re-establishment of the 

supply aft^ a serious fault is also difficult. The use of 
r^anc« to limit short-circuit currents has been widely 
p of, but the remedy is in all cases expensive and 
cumbersome, and in the case of 25-periM systems 
mffiy p^tacable. Expmence in Glasgow has shown 
that ^th 60 000 kW on the busbars the substation oil 
rupturing the short-circuit 
+w “ ^ therefore been arranged 

sertnnn r^’i at the power station will be 

f ^®®P maximum short-circuit 
addition, the 6 000-volt 
^tabution s^tems will be divided into definite net¬ 
works each of approximately 20 000 kW capacity the 

svS Sh **»® deader and distribution 

SSg “ ^ “ convenient in low-tension 


period. I believe that a great deal of business will be 
done m the future on these Unes, aiid it will all hdlp 
towards the lowering of the rates A’which electricity 
can be sold. • • • 

Domestic Load, 

The encouragement of t^e use of electricity in dwelling 
houses for purposes other thail lighting, or'in other 
words the development of the “ domestic load,” is 
another ma.tter ripe for the serious consideration of the 
siyply engineer. It is now being ^ven the attention 
which it has all along thoroughly deserved. It Should* 
not need reiteration here Uiatathe domestic load i^ a 
desirable one, if only ^oc its stability. It is much 
more stable than the industrial load which fluctuates 
with the state of tede. People have to cook thein 
food and warm their houses irrespective of trade con- 
ffitions. Not only cooking and heating but afeo water 
heatmg in bulk can be catered for. There is a very 
toge business to be done in domesfitf water heating 
Of wurse the rate of charge must be low, but I maintain 
that a very low rate can be quoted for this business 
and a profit obtained. I have alwajfs teen a keen 
believm in the possibilities of the domestic load, and 
I consider that the time has now arrived when domestic 
load problenw are well worthy of consideration not 
only by engineers in charge of undertakings but bv 
^e Institution as well. The Electrical Development 
Association is domg jrery vateable work in the encourage¬ 
ment of domestic propaganda, and is well worthy of 
the support now being exiended to it by manufacturers, 
contractors and supply undertakings.. 


Load Factor. 

™P>:ovement of.load factor is all-important and 
supply engineers will be forced to take advantage of 
.opportunity of brin^g this about. cSo2 
ote^g m post-war years have been all against the 
attainment of good load-factor figures. The i£con! 

nuance of night-shift working due to dull trade the 

Sm J SvS ® if introduction of summer 

omnw ® all helped to reduce load factora. In my 
^imon, enj^neers must not be content simply to 

ofaflfooi— fstimulate the use 
all appliances which will consume energy during the 

t^ Sht^e 

one. by the heating of water during the night for use 

is at® preiiS by hS 

^“*^*^1® appliances, also for use 
^ ®P®®ial low rates would be given 
sopphes during restricted horns, and the^nly 
^culty to be surmounted would be to ensure that 
tee current would be n^ed only within the rS^iS^ 


* • Domestic Supplies, • 

From* an analysis of domSstic consumers’ accounts 
rpvepue fromtehese consunwr^- 
where hghtmg only is installed may be inerSasSd from 
five to SIX toes by the introduction of coaking and. 
hedting apphances. ® ^ 

20 to 26 years ago— 
tot electnerty is expensive and is only for the wealthy— 

®"PPly ondertakinas^' 
TOMtantiy having this objection raised by people who 
experience of tee use of el^trieity. 
Ev^ the consumer of some experiencels slow in realizing 
tl^ in using riectndty for (tooking and heating he is 
e “Senses, e.g. for coal, gas, firewood, 

etc., which amount te a considerable sum wfeen .taken 

and he is very ^t 
tee electricity accounts are rend^ed, 
s^ice^^® appreciating the benefits of the electric 

elerfi^-t3®^f^ ^ ®1^^® 1®^ domestic 

electmity, it is apparent that there is to be a.general 

^option of to two-part tariff, viz. a fixed ch*ge based 
on the rento floor area, cubic capacity or number of 
rooms in dwelling houses, and a running charge per 
umt used To be attractive, to running charge should 
of f^®^ fi ^ possible limit, even at the expense 

f Jf fcharge. Consumers naturally think in 
^s of to runnmg charge, and to lower teis is to 
more inclined they are to use electricity freely. It is* 
only nght that the two-part tariff should be offered 




;45 


MITCHELL: SCOTTISH CENTRE: CHAIRSiAN’S ADDRESS. 


an alternative to another tariff which ^should suit 
the sniall or the moderate user. 

To my mind, a tariff for the small user should assess 
him at a certain number of^uflits—equiyalent to his 
lighting consurnption—at the ordinary rates for lighting, 
.and air units over this quantity at a much lc>er rate. 
New coi^umers wouki^nd this rate fair and equitable 
Md they would^ gradually extend their use of electricity 
in the home to ^a grater and greater extent, until the 
day arrived wheff they would find it profitable to change 
• to^the two-part Miff, On both of these tariffs, one 
meter onl34 is necessary^ I* is time that the duplication 
of meters in private houses, ^d in many other premises 
as welL should be abolished. 

, To develop this domestic load, it is necessary that 
every facility to use the supply should be placed in the 
way of the consumer. If he is unable or unwilling to 
purchase outright the heavier appliances, then these 
should be hired to him—at all events those appliances 
which are fairly large current-consumers; I refer more 
particularly to cookers and fires. Prom my own ex¬ 
perience, I know that there is a great and ever-increasing 
demand for electric cooldng and heating appliances on 
hire. It is rather astonishing that even in the case of 
fires, which can be purchased for very moderate sums, 
people for the most part prefer to hire. Probably the 
explanation is that if tlie hire charge includes the in¬ 
stallation of the wiring and also the maintenance of the 
heating elements—as it ou*ght to ^o—the consumer is 
relieved of a deal of worry smd possible, expense* 

I do not considCT tliat it is sufficient^ having established 
suitable •rates—and also, it may be, hiring'schemes— 
to wait on lousiness coming in. Propaganda without a 
suitable rate ig useless, but, given thi^ advantage, a 
reasonable propaganda will bring in business in»a. much 
mjjre s^atisfactory way. jin jGlasgow recently*, within 
the spg,ce^of a fortnight at a demonstration of electric 
cooking and heating appliances held in one of the new 
housing areas, 166 fires, and 38 cookers were hired to 
residents in that area. This was accomplished by means 
of a circular letter addressed to each house, inviting the 
people to come to see the demonstration. Later on, at a 
housing and healtli exhibition held in.this city, orders for 
the^hire of 258 fires and 62 cookers were received within 
three weeks. THese results are, in my opinion, very 
satisfactory, and show v/hat can be done by means of 
a little publicity. ^ 

Jgvery opportunity should be taken to bring to the 
ndiiee of the public the benefits to be obtained by tiie 
use of electricity in tlie home. In some large towns it 
may be necessary to go further than the hiring of appli¬ 
ances. In this city, for instance, there are 260 000 
dwelling houses. Of this number only 14 000 have 
electric# lighting installed, and the great majority of 
dwellings'* are not owned but only rented by the occu¬ 
pants. It seems to ine that the only hopeful means of 
taking in this class of property is for the supply under¬ 
taking to inaugurate a scheme of wiring on hire or hire- 
purchase terms. 

In municipal undertaldngs particularly, I believe that 
this sugg&tion might well be adopted.. 

» It has already been stated by others tha;t the dorriestic 
load is an off-pealr ” load, and, on this account, very 


favourable rates can be quoted for domestic supplies. 
My own experience bears out this contention, and goes 
to show that the proportion of this load which comes 
on at peal< time is very smalL and may be put at from 
five to ten per cent of the connected load. In addition 
to this, the diversity of use is very high, and connections 
may be made freely within limits ivithout fear of o^err 
loading distributors'! • ' 

The factors applicable to the domestic load make it 
apparent that the capital charges—on the generating 
plant on account of its being mostly off-peak and on 
mains because of the high diversity factor—on units 
used must be very low, and therefore the undertaJ^g 
can afford to charge low rates and still^be sure of realizing 
a profit. It may be argued that in suburban districts 
the houses are sometimes wideiy apart, and to introcj^nce 
the supply may be considered hopeless on account of 
the small return to be expected per yard of distributor 
laid. While this may have been so when lighting only 
had to be considered, I maintain that nowadays the 
situation has completely changed, due entirely to; the 
possible other uses of ele^ctricity in the home. From.; a 
scrutmy of actual accounts it is clear that the other 
uses of electricity in dwelling houses increase the 
consumption in the majority of cases from 8 to 30 
times and, as already stated, the revenue from 5 to 6 
times that for lighting only. 

Battery Vehicles. i.: 

The value of electric battery vehicles to power supply 
undertakings is not fully appreciated. The load is 
entirely an off-peak one and if even half of the ho^e 
^ahsport work could be transferred to battery vehicles, 
it would represent an enormous amount of busings. 
American supply undertakings have been much more 
progressive in this respect and at least 16 000 road 
battery vehicles are in operation in the United States. 
It should be noted that the electric battery vehicle^ -is 
relatively much more expensive in America thaii' in 
this country. In America one can obtain 12 Fqrd 
cars for the price of one electric vehicle, whereas in 
^is country only 6 could be obtained. The Ford' car 
is not generally accepted as a unit of currency, but it 
may serve to drive home the fact that the electric 
batteiy vehicle has made progress in America against 
even stronger opposition than it encounters There. In 
addition, the cost of petrol is much lower in America 
than in this country, while the cost of electricity is 
approximately the same. My own experience with 
good makes of battery vehicles has been ve:^ satisfactory 
and a life of 20 years (or say 200 000 miles^ with very 
small repair charges should easily be attained.' Batteries, 
too, are now greatly improved, but it seems to me that 
it really lies with the battery makers to^ deci<fe whether 
or not the electric vehicle shall make real progress here. 

Welfare. 

I cannot conclude this address without T^fonring in 
a few words to the subject of welfare in industry, a 
subject so cloSely affecting eleciricity supply under¬ 
takings. When the war broke out the cry was " muni¬ 
tions.’* Men, women, boys a^d girls, who' had little or 
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no experience in mechanical operations, came from all 
parts of the country into the munition works which 
sprang up. Their physical, moral and spiritual welfare 
was of paramount impc^tance. These mixed assem¬ 
blages of people required the good influence of guides, 
especially when they were quite away from home 
infl.uences. It was at this time that the Government 
did one of the wisest and greatest "chings of the whole 
nwar—they sqt in motion on a large scale a method which 
I hope is going to have an immense and lasting influence. 
Welfare schemes werenorganized for the special purpose 
of looking after the human side of these works. The 
acoial results of this spirit of goodwill and fellowship 
were, I beHeve, “"Astonishing. It was clearly demon¬ 
strated that work can be a pleasure, and also that this 
better feeling contributed to better work and a higher 
degree of efficiency. It brought all grades, including 
directors, managers, officials, foremen and workers, 
into closer touch and sympathy with each other. It 
dispelled many false views which kept men apart. It 
showed even that discipline can be exercised with good¬ 
will. When men recognize that they are all operating 
for the common good, a spirit of self-sacrifice appears 
and glorifies all that is done. I speak with experience 
of actual operation of Wliitley schemes, allied with 
welfare in‘the Glasgow Electricity Department. 

It is now fully four years since, acting on instructions 
from the Corporation, a Whitley scheme was formed 
in the department to deal witli what might be termed 

domestic matters/' and a welfare section, allied there¬ 
with, to deal with matters affecting the employees 
out of working hours. Sub-committees representative 
of trade and grade, each consisting of five members, 
the chairman representing the management, were formed 
in all sections of the department. These sub-committees 
send representatives to main committees, representing 
generation and distribution, the chairman of these 
committees being the superintendent of each section. 
Above these Committees again is a central committee, 
numbering 11, divided between management and em¬ 
ployees. A welfare supervisor (part-time only) does 
the secretarial work of all committees. 

This scheme, as already stated, has been in operation 


for four ye^rs and is an unqualified success, ^^he 
are now fully alive to the benefit^ w^ich have been 
derived from the working of the schbme, and take a^ 
keen interest in the tiellberations of the committees. 

A better feeling prevails all round, and 1 am convinced 
that thef work of the department is beihg better done, 
by a more contented body of meit. All matters which 
cannot be settled in sifb-committee are brought to a 
higher committee, and it is evideitce oS^the good feeling 
prevailing when it can be said that the Central committee 
has not required to sit for over eight months. ^ 

For the success of a scheme e? “dfis kind, muclyiependS4Dn 
the tact and discretion of -^e welfare supervisor. ^ One is 
astounded at the varied nature of the problems which this 
official has to handle, and in his capacity as a go-between^ 
between management and worker it is all-important 
that he should be the right man in the right place. 

It may be argued that this subject has nothing to do 
with electricity, but we are, or should be, all interested 
in the humanizing of industry, and why not in electricity 
supply as in anything else. I recommend strongly, 
from my own experience, the establishment of such 
schemes as the one described, not only in electricity 
supply but in all other great industries throughout ^e 
coantrv, and not from the materialistic point of view 
only, but from the humanitarian as well. 

It is essential, I think, that an interest should be 
taken in the welfare of the worker, not only during his 
working hours but^o iii'his leisure time. The em¬ 
ployees should be encouraged dud helped in the estab¬ 
lishment of clubs for the carrying on of^the various sports 
and recreations suitable for the time of the yedr. and 
the tastes and capacity of all classes and grades. The 
employees shc^ld be entrusted entirely the carrying 
on of these clubs under general supervision. 

Electricity supply is npw ,^tal to the prosperity^ of 
the country, and is rapidly assuming greater and^greater 
proportions. It is essential that everything-should be. 
done to ensure its continuity, I am convinced that 
the proper carrying on of these schemes in electricity 
supply will go far to eliminate one of the factors whi<^^ 
during the past few years have endangered this^ con¬ 
tinuity to a serious extent. 
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By J. C. Christie, Associate Membe?. 

(Abstract of Address delivered at Bwdee, \lth October, 1923 . 


I* propose, to consider ^ridSy tlie origin and the merits 
of some of the units of measurement in common use. 
This is ^ subject upon which it*inight be thought that 
the last word had long since been said, but a little con¬ 
sideration will show that it has been handled in ^ 
unscientific manner and is far from being so simple and 
perfect as it might be. 

The first step j:owards a science of measurement was 
to learn to count, but our early ancestor found the purely 
abstract operation too much for his power of brain, so 
for a time he worked out his problems in concrete form 
>vith stones and twigs. Later he learned to cut notches 
on the twigs, and so came to make those marks 
which were the forerunners of our present numerals. 
Soon he began to feel the want of a counting machine 
ever ready by his side, and there, in the human hand, 
he found it. The hand was an instrument wonderfully 
adapted to those uses which liad hitherto been required 
of it. It was the outcome of a long period of develop¬ 
ment, and survived as the fittest possible tool for grasping 
a ^ck or^fewingmg from a branch. Unfortunately, this 
instrument wSts by no means equally suitable for its new 
purpose. It di4^ fairly well until its owiaer got so far 
as t^ ; then, having no more fingers, a difiGiculty arose, 
ani^our early mathematicigyn l)|^d to start agr aiy? at one. 
It was t^iersfore necessary to keep count of the number 
of complete tens; and so, in those far-off da 3 ?B, our 
notation was fixed upon a decimal basis. Here, at our 
very first step, we blundered badly. Certainly, had we 
chosen a scale of nine or of eleven in place of ten, tilings 
woulc^have been worse; but, on the other hand, a scale 
based upon the number twelve would have been better, 
and,*TO my opinion, the scale of eight would have been 
the best of all. 

To make a change now^from the decimal scale is, I 
am afraid^ impracticable. It would mean a period of 
confiision extending over a whole generation, and I 
fea^ that none who have passed school age would ever 
become thoroughly at home with a new multiplication 
table. All we can do then is to accept our notation 
as^it stands, h decimal notation, and xpsike the best of 
it. But we csmheyer make the best of it so long as bur 
various scales of measurement aire not founded on the 
same base* as our notation. 

The great advantage of our Arabic notation over 
other systems is not that it is decimal, but that it is 
perfectly regular, and in the early days it was those 
nations who used this efi&cient tool who did good work 
to the science of numbers. Some progressive nations, 
like the Roman Empire, made little progress to this 
direction, the reason being clear if we try to multiply 
together the: numbers MCIX and XLVII. usine Roman 


numerals throughout. But before we condemn the 
Romans, let us remember that our British system -of 
weights and measttres bears exactly same relation 
to tile metric system that the Roman system of numerals 
bore to the decimal notation. 

After the development of numerals came the intro¬ 
duction of units of measurement. In each case some 
convenient but quite arbitrary unit was first adopted, 
and naturally our ancestor concerned himself first with 
the simplest of all measures, that of length. Length 
being of one dimension only, is naturally one of the 
fundamental units, from which the units of two and 
three dimensions are derived. Any arbitrary length may 
be chosen as the unit, but tlie size which is most con¬ 
venient depends upon the size of the things which are 
to be measured, and in general it is best to have a unit 
considerably ^smaller .than the objects to be measured, 
so that fractions may be to some extent avoided. Thus 
to measure furniture we shall find the inch convenient. 
To measure houses we shall prefer to use the foot, wliile 
to measure counties we might use the mile. We see, 
therefore, that one unit is not enough. A range of units 
is required, and one would think that it was evident 
that a simple relationship between each step of the 
range was a great advantage. As our numerals follow 
a decimal scale, it would seem very simple to have our 
units follow the same scale, so that conversion from 
one unit to another could be effected without any 
calculation other than altering the position of the decimal 
point. Tins gives us a range in wliich each succeeding 
unit is ten times larger than the last, and for many 
purposes this works well. In some cases it is found 
that there is no need for such a close range of units, 
and then some of the intermediate steps can be omitted. 
We see an extreme example of this in the ca^e of the 
measurement of electrical Ibesistance, where we find 
the ohm a convenient unit, and then discover that the 
next larger unit required is one million times larger, 
namely the megohm. Sometimes it is the other way 
round, as in the case of our silver coins, where it is 
found that to have one unit ten times the size of the 
ne:^ gives too big a jump, and wo then have to use 
intermediate units. This is where wcnotic^ the in¬ 
convenience of having a decimal notation. If we had 
a notation based upon a number on the binary scale, 
that is to say, if our notation were founded upon eight, 
which is a power of two, instead of upon ten, we could 
rea.dily divide our unit by two, and these parts again by 
two, arid so on without getting into awkward fractions. 
With the scale of ten this cannot be done, and I believe 
it is this more than anything else which prejudices 
the metric system and gives qur British workman ids 
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love for the inch, which is so conveniently divided into 
eighths. Hwe we have the weak point of the decimal 
s\stem, but in spite of that I think that if our notation 
cannot be altered, thenr we should certainly make the 
best we can of it by converting all our scales to the 
same decimal base. 

'*lt still remains to find a fundamental unit with which 
to start, i^na man had found it s,<9 convenient to have 
his counting machine always by his side that he took 
^his first units from the same source, and we find him 
measuring length by* the foot, the pace, the forearm, 
the hand, the thumb, the span ard other similar units 
derived from his own body. Thus, one of the earliest 
measures cf length, that used by the Egyptians at tlie 
building of tlie Great Pyramid, was called the cubit, 
ard is supposed to have been the distance from the 
elbow to the tip of tlie middle finger. Where great 
accuracy Was not required, these units, based upon the 
size-of the human body, were undoubtedly very con¬ 
venient, and served well for a long period, and it is only 
in comparatively recent times that the necessity seems 
to have been , felt for establishing standard units of 
greater accuracy. 

In the reign of Edward II we find the English 
Parliament concerning itself with the matter, and in 
1324 it was enacted that “The inch shall have the 
length of three barley corns, round and dry, laid end 
to end ; twelve inches shall make one foot; and three 
feet one yard.” It was not until the reign of Henry VII 
that the yard ;was chosen as our fundamental unit 
of length, and was fixed at something slightly under 
36 inches of our scale. In 1834 a Commission was 
appointed, which sat for several years and finally pro¬ 
duced the imperial yard. This was presented in the 
form of a bronze bar, 38 inches long by 1 inch square, 
near the ends of Which two gold plugs were inserted 
and, across these plugs fine lines were drawn. At 62° F 
and 30 indies barometrical pressure, the distance between 
these two lines is one imperial yard, our standard of 
length. 

For the introduction of a decimal S}^tem of measures 
our thanks are chiefly due to France. Towards the 
end of tha 18th Century it was suggested by Talleyrand 
that the Kmgs of France and England should appoint 
commissions to work together to determine the length 
of a pendulum swinging,, seconds. England did not 
respond to this invitation, but the French commission 
met and finally decided to adopt a standard of length 
, derived from the ^e of ihe earth. It wais intended 
to .me^ure with care the length of the meridian of 
Pans frqm the North Pole to the Equator, and take 
one ten-millionth of this quadrant as the unit of length 
to be cahed the metre or the measure. Actual measure¬ 
ment Was begun of a part of this meridian extending 
from Du^k to Barcelona, but the fates as well as 
the,British were against them, and the work was brought 
to a standstill by the Revolution. Some years later 
the work was completed, and a bar was made composed 
of 90 per cent platmnm and 10 per cent iridium. It 
was made somewhat in the shape of an H beam! »with 
the stand^d metre marked bff along the neutral plane 
fo that -^e length would not be affected even= should 
the bar deflect. That ^he determination- of the metre 


has since »been found to be soniewhat inacchrate, and 
to be in fact more nearly true for meridian of New 
York than for that of jParis, is a matter of no consequence, 
for to all intents the mftre is just as much an arbitrarjr 
unit as the yard, and either would do equally well so 
far as res derivation is concerned. • * 

In 1870 France again called aif International Conven¬ 
tion with a view to the* universal ad(jEj(:ion of the metric 
s^tem, but again tlie fates wefe against her, for this 
tin^e the matter was delayed by me Franco-Prifssian 
War. • . 

'WOiatever fundamental •unit of length Jbe adored, 
the range to be measur^d^s a wide one, from the smallest 
object known to man, the electron, on the on^hand, io 
the vast spaces dealt with in astronomy on the othej:. 
For these varied measurements we have a wide range 
of units, with the Angstrom unit, which is l0“®cm at 
one end of the scale, and the light-year, which is 
6 X 10^2 miles, at the other. • • 

As knowledge progressed, it was seen that there 
would be a great advantage in havmg some relation 
be^een the different units. Thus, if tlfe yard be the • 
unit of length, it is clear that the adoption of the square* 
yard as the unit of area will simplify all calculations 
mvolving these two units. 

It was also seen that the more complex physical units 
could be expressed in terms of a few of the more simple 
ones. Thus veloci^, being an expression of the time 
taken to move through a distance, depends solely upon 
the units of time and lerH^h. Similarly^ it was seen that 
most of the phyftcal units could be^expresseci in terms 
I o the tliree fundamental units of space, mass and time, 
^ese were taken as the centimetre; the gramme gtod 
to seebnd, W from their, iuitjal letters to name of 
the C.Ij.S. system of units was derived. This was the 
sj^tem wMch Lotd Kdirin advocated in place of what 
he called “ our absurd, ridiculous, time-waStii^, brain- 
destroymg British system of weights' and measures.”* ’ 
When we measure a length we measure the whole 
of it, and to do olherwise woidd seem absurd, but when 
we mcMure certain ph 3 reical quantities, we are in the 
habit of measuring, not the whole quantity, butlnerSy 
the amount by which the quantity exceeds a certain 
rnmimi^. That is to say^ We iheasure from a*false 
zero. This is how we ordinarily mlasure pressure and 
temperature, for example. 

Pressure is commonly measured in at least thi'ee 
'We measure it in pounds per square mehrfrom 
alanospheric •pressure upwards. This is called “gduge 
pressure.” 'We measure it in feet of water from atmo¬ 
spheric pressure upwards. This is called “head.” 
And we measure it in inches of mercury from atAo- 
sphOTc pressure downwards. This is called “ vacuum.” 

None of these methods of measureinent l!s wholly* 
^tefactory, especially as the atmosfihenc pressure 
from which we measure 'is itself a varying quantity, 
^d thtee <Merent ways of measuring the same thing 
haw the efiect-of obscuring n^y otherwise dear 
problerns m ‘connection with condensing plant. For 
me^n^mg boiler pr^ures there is perhaps something 
to be said for the present meriiod, but even if-we wish 
to rneasnre from the pressure of the atmosphere, adfe 
not from the absolute or true ?er6, we should at least 
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decide wlig.t the unit is going to be, and stop using two 
* of Itie tln-ee units n^w in cominon use. 

Th^ measurerq^t- .of heat, remained a puzzle for 
a* long time, and this is not surprising seeing that it 
was only during the 19th century, that men first began 
to underetand its. nature. It was obvious tha<t more 
heat had to be put intp.^lO gaJions of water than into 
one, when both volum*es were* raised to the same 
degree of warmtl!,* therefore the apparent warmth or 
temperature of a body was no measure of the quantity 
of heat which it contained. Two. distinct things had 
to b8 measmed, thd tempe?g.ture and the quantity of 
heat. The temperature ^as the easier problem and was 
tackled first. Temperature is* somewhat analogous to 
height, ,aJid in the case of a mountain tribe it might 
sdrve for most purposes if all heights were measured 
from, some convenient point in the village, such as the 
level of. the doorstep of the chief of the tribe, but the 
use of such a scal^ would not indicate any very high 
degree of intelligence on the part bf the tribe. It would 
give the natives no true indication of the relative heights 
of the difierenj: parts of their country above sea-level, 
^d all heights below the chief's doorstep would have 
to be reckoned as negative. In the case of height, 
even sea-level, though convenient, is only an arbitrary 
datum line; but.in the case of temperature we have 
a true natural zero from which to measure, and yet 
we do not use it. , Temperature was first measured 
indirectly by means of one of the ejects of heat, such 
as the expansion of some substance, but there was 
no justification for assuming that this expansion was 
exactly jJaioportiontijI to the temperature, and indeed 
with some substances, such as water, this is far from 
being the case, ailthough we now know that in tjie case 
of piercuiy the error at mcftlerate temperatures is very 
sligh^. ^ ‘ „ 

Before* WQ can measure -femperature intelligently we 
•must , have^ a clear idea as to what it is: that we are 
trj^g to mcasuro. .Every body is composed of a vast 
number of molecules, and, whatever the structure of 
their: component atoms may be, these molecules as a 
v®>le femuiu motionless so long as the body is perfectly 
cold. Such a body is at the. absolute zero of temperar 
ture.* If the body be now slightly warmed, what 
^ppens is that kinetic energy from an outside source 
is imparted to the molecules, or in other words the 
molecules begin to move. In the case of a perfect gas 
these molecules dart about freely, but are continually 
colliding with each other and maintaining a rain of 
blow^ against the sides of the containing vessel. It is 
this effect which we call pressure, and in the gas thermo- 
me^er, where the volume is kept constant, this pressure 
gives a true measure of the temperature by which aU 
other thermometers must be calibrated, 

In addition to the measurement of temperature, yre 
have also to measure heat itself. For a time it was 
thought that this was something material, but it is now 
known to be simply energy in a special form, and may, 
therefore, be measured in the same units as any other 
form of energy. 

This bimgs us to the most important of all the measure- 
i^ents made in a power statioh, the mieasui’ement of 
epeirgy. The modem steam power station is simply a 
^ V 


I large machine for the conversion of energy from one 
form to another. It receives its ra.w material in the 
form of potential chemicai energy, and its product 
is this same energy in a form more convenient for 
distribution and for use. The conversion is effected 
in a very roundabout way. First we take the chemical 
energy and convert it into heat energy, then convert 
this into meclianical'^energy, and lastly we^^ convert the 
mechanical energy into electrical energy. "We have 
thus three distinct processes going on in the power 
station, and these processes are-; carried out by the' 
boiler, the turbine and the generator respectively. ^ As 
we transform our energy tliree times, we have to deal 
I with it in four different forms, eliemical, thern^al, 
mechanical and electrical, and in all these forms, we 
must be able to measure it; tfut in each case we are 
measuring the same thing, namely energy, and th^e 
is no reason why we should not adopt the same unit 
of measurement iii each case, merely using multiples 
or submultiples of this unit according to the size of 
the quantity to be measured. Unfortunately, when the 
problem was taclded long ago by the scientists of the 
early days, each. worked in his own circumscribed 
department of science, and each introduced his own 
unit of. measurement. Thus, the physicist measures 
energy in ergs. The chemist makes measurements as 
to the chemical energy $tored in tlie coal, and he measures 
this in British thermal units. The mechanical engineer 
malces similar measurements, but, attacking the problem 
from, a different point of view, he uses the foot-pound 
as his unit; while the electrical engineer uses a unit 
which he. calls by the clumsy and ambiguous name of 
the Board of Trade Unit, or better, the kilowatt-hour, 
or better still thd kelvin. The result of this is that we 
find energy measured by a weird and wonderful collec¬ 
tion of units. We have ergs, joules, kilowatt-houx*s, 
calories, British thermal units, foot-pounds, horse- 
powei;-hours and kilograminetres^ The effect of having 
so many different units to measure the same thing is 
that results which should be obvious at a glance become 
hidden away behind names wluch bear no obvious or 
exact relation to one another, and simpJLs comparisons 
are only made at some little trouble, and often are not 
made at all. Thus the engineer receives one ton of coal 
from the colliery, and he may know that its heat value 
is about 11 000 British thermal units per popnd, but 
it is not obvious to him thaf what he has really taken 
delivery of is potential energy sufficient to raise the ^ 
weight of tlie coal through a height of some 1 600 miles, 
or to raise a weight of 1 000 tons upwards of a mile and 
a half, or tlie equivalent of 7 216 Board of Trade units. 

Let us now glance at the electrical units. These aro 
all based upon the tliree fundamental units, tlie centi- 
Wtre, the gramme and the second, and there is there¬ 
fore a simple and definite relation between the electrical 
units, such as the coulomb, the ampere, the volt, the 
farad and the henry, and the other C.G.S. units, such 
as the joule and the watt. 

The watt, for example, is not an electrical unit. 

It is simply a measui-e of power, and is in fact the C.G.S. 
unit of power multiplied by 10 000 000, but it is so 
simply connected with the electrical units that it is 
only necessary to multiply current by pressure, amperes 
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by volts, in order to express in watts the power in any 
electrical circuit where the power factor is unity. 

The electrical units being'^based upon the fundamental 
units, electrical resist^ce is measured in terms of 
length and time, while the ampere and the volt are 
measured in terms of length, mass and time. Take the 
vfllt. for example. The fact that the volt can be 
expressed inr terms of length, mass and time is by no 
, means obvious, but let us consider liow electrical 
^pressure is produced. Electric pressure is generated 
in a conductor when ^at conductor is cutting magnetic 
lines of force, and the pressure pranced depends solely 
upon the rate at which the magnetic lines are being cut ; 
or in other wog^, the pressure depends upon three 
things, the length of the conductor, the speed at which 
t|ie conductor moves, and the strength of the magnetic 
field through which it moves. Of these three things 
one is already expressed as a length; the second, which 
is a velocity, can be expressed as length divided by 
tune; while the last, the magnetic field, can also be 
traced back to the fundamental units, for the strength 
of a magnetic field depends upon its distance from a 
magnetic pole of a certain strength. The strength of 
the magnetic pole is measured by the force with which 
It will repel another similar pole at a certain distance. 

A force ic measured by the velocity which it produces 
in a certain i^ss in a certain time. If we now remember 
that a velocity is just length divided by time, we find 
we have reduced our defiuition of electrical pressure to 
terms comprising only length, mass and time. If we 
use the centimetre, the gramme and the second for 
our unite, we arrive at a unit of pressure which is incon¬ 
veniently small for practical use. and in actual practice 
we multiply this unit by one hundred milHon, and the 

faulting umt is familiar to us all under the name of 
tile volt. 

U^ort^tely. our method of budding up the elec¬ 
trical umte upon the fundamental units of length, mass 
perfect. For one thing, it defines the 
^ngth of a magnetic pole by the mechanical force 
which it would exert upon another similar pole at a 

fpiven distance. This definition fails to take into account 

tlm magnetic permeabUity of the medium in which the 
test IS made, and further, it misses the important thing 


about a magnetic pole, which is not the mechanical force 
exerted by it upon another pole,#but the strength of 
the magnetic flux proceeding frorii -it. It is this fact 
which introduces th#ar/kw'ard factor 4 . 7 r into so many 
electrical expressions. 

Theifate which befell the metre has also Cvertaken 
the electrical units. Itdias npt^been found jpossible to 
represent these theoretical units with sufficient accuracy 
for practical purposes, and in iiractJde to-day our elec¬ 
trical units, like the unit of length, fare represented bv 
physical models. But although^ Ve know that the 
metre in use to-day is not^^Sny exa£t fraction of the^size 
of the earth, but merely the diStance between two marks 
on a metal bar which^is kept in Paris; and although 
the ohm is not exactly one thousand million C.G.S. 
units of resistance, but merely tlie resistance of a certain 
column of mercury at a certain temperature; and 
although the ampere is not one-tenth of the C.G.S. 
unit of cunent, but merely that <juiprent which when 
passed through a solution of nitrate of silver under 
certain specified conditions deposits silver at a certain 
rate; there is nevertheless a scientific interest in com¬ 
paring our unite with some fixed quantity in Nature- 
if any such exist, and it would seem that there are 
certain such fixed natural units. One of these is the 
mass of the atom say of hydrogen. Another is the 
wave-length of light at a given part of the spectrum ; 
while another very mmute measure of length which 
appears to be coiwtant is* the size of the electron and 
^Isowe hnd Nature's ovTn unit of 
electricity. In i^oimd figures, the nurdber of electrons 
w^ch equal one coulomb is 9 x ft is nofsuggested 

natural umtr, but it seems possible that iu the future 

^ flefined in forms of thehi, so 
that th6y may be verified at any time. 

There is no doubt that the rapid advance Whicli his 

Srt“Stem engineering is largely cfue to tb<! 

^ct system of international units which we nosstJs 
but many of our earUer and more common unite^are bv 
means equally simple and convenient. I think th-it 
the improvement of these is overdue, and I 
^t the more the subject is considered and discuS 
the sooner the improvement will be effected 
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(*‘I</(/>■<•.« dtiivetcil 

fivsl to ftiv liow^jmu h I :t|iprtK vtinl to 
thank y*)U for, thu luinoDr you havu int; in lilwtiug 
nu; as vour t'hainnaii («<r l^lds sussifjii. Whun this 
Wir(‘h‘ss*Huction of llu; Institution was forrmsl in I'MII 
after tlu? war jwrusl of iutensivo tlevelojuneut t»f railio 
telegraitiw,' and ti'lephoiiy. there was s*» nuuh uiiitha- 
ready for publieatioii that the sueeess of the first session 
w;is asstmHl. H a matter for salisfaeli.m to know 
that the inten*st in the ileveloiJim-nt of tlie rariio art 
lias Jwcii well maiutaiued since the war and that the 
Wireless Sectwm has heini nWe to maintain full si-ssioual 
•programmes with well-attended iiiwtitiKs and do so 
muvli to foster that interrwt. 1 am Klatl to say that 
the prospw.te for an active Mission this year are «jnite 
satisfactory, iiiid I should like to eiupliasiye the fai:t 
that tlie meetings of the \Virek*ss Sisdion are open to 
all the memliers of the Institution. 

I intend this evening hriefly to treview a few radio 
dcvelopnflents and then to give an accontit of some of 
the experienccrf met with in complying the l.ralleld 
Injjh-ptuyw statiuif, 

• ( 4k • 

. • BROAm'AsrtNt;. , , 

I’drhaps the niost strikinj^ tlevelopmeiU in radio work 
is Jhat of broadcasting. ^ The riucHlton of •erecting 
broadeaifting stations in this uoimtry was raised early 
•Ipt year vvhen representalivi^s of si large nninher of 
Hrms met at the General I'osi Ollita* to discuss the 
subject. Many of the.se timw intimated their desire 
to erect stations, ngistly in London, ft was evhleut 
tlfiit satlier than have a large number of stations of 
different powers ami wHIi programmes of dilfercnt 
quality, with no definite guarantee of continnwi service 
for any period, ifwould be better if all the interests 
concerned would combine <0 produce a more workalile 
arrangement, A scheme was poKlifcwi whicli mmle it 
certain, tli^t purcha.ser.H of radio receiving apparatus 
would, lie given programmes for a iwriod «f at least 
two yerna from good .stetions of a standard power. 
The scheme provided for unified control of tint stations 
and WM put into operation IS months ago. It is 
interesting to note that this country appears to have | 
started its broadcasting under conditions whicli the i 
directors of the Kaciio t'orjmration of America indicate 
in their annual report for IfiSH as lasng essential for 

SUCCMS. 

What has been the resglt of tiiis inoiH»|mly of broad¬ 
casting ? The British Broadcasting Company have 
been able to collect an efficient staff of technkal men • 
and have Kad thetadvantage of, the assistance of, and j 
wD-opemtion with a large number of the radio and tele- j 
phone egperts in this ^untry, and by a pooling agree- [ 


1th Sovemher, 102.S.) 

numt betwwm tho hyger linns have Imhui free from all 
troubles as regards the palent sit nation, * 

1 lemeinber that at the first meiyhig <jf the Iruile 
at the General I’osi Olti. e, Mr. D.ine Sim tair suggesteil 
that ill cirtier to reduce the heavy co.st of ruuning eight 
ililferent programmes nightly the Post Gllice ttuiik 
lines should be hiitsl, at any rate for partial .simultaninuis 
trimsiuissiou.s. hut Ihent wert? many of us who thought 
that the overhearing trouliles. attenuation and distor- 
tion, would lie too much to permit, of any large degree 
of salisfactory .simultaneous broadcasting of musical 
programmes. I he l*o.st Ollice fsigineer.s, however, have 
been able to seUs t or make ui> such good trunk lines 
for this purpose that the engineers of the Hriti.sh 
Broadcasting Company have had every oppititunity to 
j exen;is«* their skill and ingenuity. 

I I think that the quality of the broadc.ast music is a 
i .scientific ilevelopmeiit of no mean order, and that llie 
; successful simultaneous bro:idcasliiig mav be saitl to 
; have given this coinitry the lead in tlini bram.li of tlie 
I art. I feel cunfideiit that these jc*sulls could not 
j IKwsilily have lieu oluained in so short a time if tlie 
j British broadcasting had l>een in the hands of .several 
; groups atid ditferent autliorities. 

i Broadcasting sliould prove to the iioii-technical man 
! that: radio-telc|iliony caiinot supplant ordinary wire 
I telephone eschanges, for by now he knows how easy 
j it is to overhear .speech and liow very difficult it, is, 

I when compnratively near to a sending .station, to get 
I any speech but the one making tlie most noise, 
i Loud’Spetikr.rs.->-Tv,vlvc months ago there were very 
j few loiMl-.speuker.s which were either satisfactory or 
i pleasant. So much attention has Iwen given to this 
j probimn and its assiKiatiHl problem of well-designed 
I low-frequency ampHfiers using suitable valwis, that 
I to-day there is a much wiiler choice of satisfactory 
I loud-speaking erptipment. 

Considerable incentive has hisiii given to the manu¬ 
facture of receiving valviw, ami a luiintHir of mnkiiir.s 
have siuxes-sfully produced dull emitter valves con¬ 
suming only a small amount of filament power. In 
1013 Mr. Franklin showed me a v,alve working in the 
Marconi Company's station at Letterfratai aiifi I then 
tlioiight that valves would only be u.sed by .skilksi 
electricians. To-day hrnadcasting has made valves 
almost as familiar in households as ordinary electric 
lanijfM. These thing.s are good for the advancement of 
the art as well as for the trade. 

Iniefftrence. -A fear that .some interference with 
broadcast reception in areas near the ciiast is unavoid¬ 
able, a.s the ship-and-shure service is essential. The 
report of the Broarkasting Committee ascribis much 
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of the interference due to sliip-and-shore station spark 
sets to the indefiniteness of tuning of thie wave-length 
authorized. We have receiftly carried out trials using 
a IJ kW spark transmitter in the General Post Office, 
Lpndon, adjusted to the correct wave-length and with as 
good a resonance curve as is obtainable for efficient jange. 

Signals could be received on a valve receiver at 
North Foreland over a wave-band of from 470 m to 
#860 m. Arrangements were made with the Broad- 
^casting Company to transmit a programme from 
Birmingham (420 m) •whilst this test was taking place, 
and this programme could not be satisfactorily received 
at DolHs Hill, Ilford or Grove Park owing to the London 
spaijc interferend^ It was, however, possible to reduce 
considerably this interference by iie use of rejector 
circuits. 

Using the same aerial on the General Post Office and 
a tonic-train valve transmitter (800 note), the North 
Foreland station was able to read signals over a band 
of from 470 to 760 m, but the maximum signal tuning 
wias sharper than with spark. The disturbance to the 
Birmingham reception on receivers not using reaction 
at the places mentioned above was about equal to the 
strength of the Birmingham signals. On using reaction 
on the receiver at Dollis Hill the strength of Birmingham 
was consifierably increased without affecting the tonic- 
• train disturbance. 

The comparison of signal strength at North Foreland, 
using, crystal reception, showed, however, that with 
6 amperes in the Post Office sending aerial, signals were 
readable on spark transmission, and were not audible 
with the same aerial current on tonic-train transmission. 
With tonic train using 8*5 aerial amperes ihe signals 
•were just audible but dead weak at North Foreland. 
As most of the British and foreign ships are fitted with 
crystal receivers it will be seen that changing to tonic 
train with present power would considerably reduce 
the worldng ranges. Using valve reception at North 
Foreland the spark reception was only slightly stronger 
than the tonic train. 

Radio Telephony. 

An interesting demonstration of* radio telephony was 
given early this year by the American Telegraph and 
Telephone Co., in conjimction with the Radio Cor- 
poratiotf of America amj the Western Electric Co. 
The time chosen for the demonstration was the most 
favourable period of the year, but it showed that 
conversation across the Atlantic could under these 
conditions be carried on by a system which employed 
less pow^ and a narrower wave-band than would" be 
required when using the ordinary methods of modula¬ 
tion. The other aspects of long-distance radio telephony 
remain Unchanged. 

Reception ,—^Apart from the Beverage antenna, of 
which I cannot speak from experience so far as recep¬ 
tion is concerned, there seem to have been no redent 
improvements on the use of the well-known methods 
of high-frequency, selectivity, limiting and selective note 
tuning, and the employment of directive aerials which 
have been in use in this country for some years for 
long-distance reception. 

TrmmiUing va/t/^^.-^The life-of transmitting valves 


is steadily^ improving. We have kept careful records 
of the lives of rectifying and oscillaf»‘:ing valves actu^ly 
in use at working stations, and -fee* figures obtained 
may be of interest. • At a station where 10 valves 
are in use, in 1921 18 valves were renewed after an 
averag# life of 460 hours, in 1922 £>^6 valTfes were 
renewed after an avera|fe lifQ of about 1 (JOO hours, 
and up to the present time this year three valves have 
been renewed after an average life otpver 3 000 hours, 
several of thei valves now in operatibn having already 
run over 6 000 hours. At anotHhr station wher^ 14 
larger glass valves are in «Se ^hey*have b^en worldng 
for over 4 000 hours, and^ only one has been burnt out. 
The periods stated are, ?)f course, actual working periods 
and do not include any idle time. 

All these are glass valves of the General Electric 
Company's make, and the increased life is,* I think, 
due to detailed improvement in manufacture and a 
better understanding of the management of the valves 
by the station operating staff. It is imperative that 
the valve filaments be run on a constant voltage if long 
life is to be obtained. I think that we have every 
reason to expect a life of from 6 000 to 8 000 hours* 
from the valves now in use. 

There has also been marked development in the 
power output of individual valves. Some of the 
Western Electric Company's anode water-cooled valves 
were installed at Northolt in July last and are still 
running. These afb rated*tp give an output of 10 kW 
at 10 000 volts on th^ anode. We carried out an 
overload test on •three of these valves''at 12 600 volts 
on the anode for three hours and obtained itn oui^ut 
of 42*6 kW in the aerial, or over 14 liW peEr valve. 
The ant)de df this valve is^ rated to dissipate 10 kW, 
With an output of 10 kW at 10 000 volts on the anode 
at 66 per cent efficienc 3 j it#will be sden that there^ are 
satisfactory working factors of safety bn both anode 
volts and dissipation. • • ^ * 

The Holweck valve is another type of water-cooled 
valve. In this, all the parts are easily demountable 
and a working pump is permanently attached to the 
valve whilst it is in operation. An input of fO kW 
at 6 000 volts on the anode has given an output of 
8 kW oscillating energy. It has the advantage that a 
bumt-out filament can be renewed \t a very low cost 
in a very short time. I understand that one of these 
valves has been working in the Eiffel Tower station 
for some time. • . , 

The Admiralty have successfully developed the sflica 
valve, and valves with an output of 6 kW with 10 000 
volts on the anode have for some time been made 
commercially by Mullard. • • 

An Admiralty silica valve with an anode capable of 
dissipating 24 kW was exhibited before this Section* 
last session by Mr. Morris Airey. This ty{)e of silica 
valve at 12 000 volts on the anode has an input of 
33 kW and an output of 21 kW. The development by 
the Admirdty of silica valvesmf this and higher powers 
is proceeding. The filament of this type of valve can 
be renewed expeditiously at a small fmction of the 
cost of a new valve. * * 

I'think we should now rate valvi^ on their outpift 
power anode volts and. anode; dissipationv^ .^^^ 
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smaller power valVes the permissible anode ^dissipation 
was a reasonable itidex of the permissible output, but 
with the larger 'power valves the permissible anode 
dissipation is no indication of maximum outputs 

*The L£afield HighjPower Station. 

I shall now deal with* some experiences we have had 
at the Leafield high-jjower station. A description of 
this station has already been published and I do not 
propose to cover ground again. The station is 
equipped with 26D-kW ^Iwell-Poulsen arcs. Some 
pedple thought that bec«use*the patents for the Poulsen 
arc had run out, arcs were necessarily antiquated, but 
the reak development of the arc had taken place in 
quite recent years and the latest t 5 ^e exceeded in 
power and simplicity any other proved t 3 ^e of high- 
frequency generator. As a secondary consideration in 
the choice was the fact that the cost was reasonable, 

^ the patent mohdpoly having run out. 

Leafield was the first high-power station to be erected 
in the middle of England, and as soon as it was operated 
.reports of the large nurnber and strengths of the 
harmonics and other undesirable emissions received 
from our fiiends caused us much perturbation. How¬ 
ever, as the staff became more expert in adjusting the 
flow of methylated spirit into the arc chamber, the 
correct arc length and the correct field strength, these 
undesirable emissions were apprecig^Jjly reduced, but it 
is stm felt that every effort shpuld be made practically 
to eliminate them. It was suggested that these , har¬ 
monics, efc., wer^ due to the t 3 ^e of antennas used, 
and th^(t tho. waye-lengths of some of the emissions 
would be related to lengths of sections ^f the aerial 
circuit. Others • suggested* that the insulate^ stay 
sections were the^ cause of trouble. , 

. Q^ite •ap|Lrt from harindhic#, another type of unde- 
• sirable brnission produces a general rushing, noisy 
(fisturbance in the neighbourhood of a wave-length far 
below the fundamental wave of the arc station. This 
disturbance is called " mush ** and with Leafield working 
adi abqut 9 000 m the mush appeared between 2 000 m 
and 3 000 m. 

Reflation from the station^ —In order to pursue these 
matters, systematic: tests were carried out in 1921 at 
the DoUis Hill exp^imenjal station, situated 101 km 
from Leafield. Absolute measurements of the emission 
were made^on both the fundamental and the twO next 
im^%diate^harmonics, whilst compairative values of the 
emisafion on the higher harmonics were ^obtained by 
observing and comparing, using a shunted telephone, 
th^ strength.of received signals due to them. The 
specific objects of the experiments may be stated thus:_ 

(1 j To^obtain a comparison of the energies associated 
with the emission on the fundamental wave¬ 
length and on the harmonic wave-lengths, 

{2) To observe the relative proportions of these 
energies for various power inputs to the emitting 
aerial. 

(3) To obtain a value for the radiation height A of the 

Leafield aerial. 

(4) To obtain infoiination as to the cause of the 

harmonic emis^ons. 


Observations on the fundamental wave-len^h were 
carried out using frame aerials, whilst those on the 
harmonics were made usin% a single wire aerial 100- 
110 ft. high and having a topirun of about 160 ft. 

The principle involved in the operation of makiijg 
the measurements may be described as follows ; (1) The 
signal from the emitting station is tuned in on the 
aerial, whether fram? or straight wire, unti? the strength 
in the receiver is a maximum. A local oscillator, set 
to exactly the frequency of the emitted oscillation, is^ 
then arranged to induce into a ^ummy aerial circuit 
having chairacteristiss equal to those of the aerial, 
and the strength of the oscillation observed in the 
same receiver. (2) The local oscillatoir^is tlicn adjusted 
until the signal received is of exactly the same intensity 
as that received from tlie emitting station. When this 
is the case the voltage induced into the dummy aerial 
circuit is equal to the voltage induced into the real 
and similar aerial circuit by the emitting station. 
From the value of this voltage, the known character¬ 
istics of the receiving aerial, the distance separating the 
receiving from the emitting station and the current in 
the emitting aerial, the radiation values required caji 
be calculated. 

The method of measurement follows that of Vallauri 
and Round and* was described by Mr. Lunndn in 1921 
in the discussion* on " Long-distance Wireless Trans 
mission.'* 

The local oscillator, embodying the method ol: 
measuring the voltage induced in tlie dummy aerial 
known as the slide-back method due to Captain Round, 
consisted of a carefully screened set purchased from the 
Marconi Company. 

Experience has shown that it is not a difficult matter 
for a skilled experimenter to equate two sounds of 
equal intensity to within about 6 per cent when the 
note is pure. Wlien one of the notes is impure, how¬ 
ever, the error may be of the order of 20 per cent. 

The radiation height of an aerial depends primarily 
upon the distribution of current in the vertical portion. 
This will very possibly be different in the two cases of 
fundamental and harmonic emission. 

To overcome this difficulty the radiation height for 
the harmonic emissions has been assumed equal to the 
radiation height for the fundamental emission. 

The value of h (radiation freight) in Table 1 •(A).—In 
evaluating the radiation height h in Table 1 (A) the 
value of J, taken was that recorded in the transmitting 
aerial. This current, which, during the tests, was 
given values of between 100 and 190 amperes i.s, how¬ 
ever, responsible not only for the emission on the 
fundamental, but also for the emission on the harmonics, 
and hence the value of which should actually be used 
is equal to the recorded current minifs thef current 
necessary to produce the emission on the harmonics. 
From values obtained for the equivalent currents in the 
aerial to produce the second and third harmonic radia¬ 
tions, it can be conjectured that the total equivalent 
current to product the whole of the harmonics is 
boxlnded by the value of 1 • 6 amperes. Hence the error 
involved due to this cause in the evaluation of h (the 
radiation height) may be taken as being of the order 

♦ Journal 1921, fbl. 59, p. 077. 
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ot 1 per cent, and within the limits of experimental 
error. For this latter reason no correction has been 
applied to the mean radiatidn height obtained from the 
results given in Table 1 ^), 

harmonic emission .—Every harmonic up to the 
16th has been observed, and the characteristics of the 
sepond and third have been determined absolutely, 
whilst those •of the fourth and fifth have been deter- 
^mined reldltively [see Table 1, (B) and (C)]. The experi¬ 
ments show that, generally spealdng, the field strength 
due to an harmonic# decreases with increasing order 
of the ^armomc, and that the st^ngtli decreases with 
decreasing aerial current to a greater extent than does 
the fundan;LiBnta>.^ 

^ With 160 amperes in the aerial at Leafield, however, 
tljp emission of the harmonics is strengthened. This 
was observed on harmonics up to the fifth and confirmed 
on separate times and separate days. The harmonic 
emission is stronger than when there was 177 amperes 
in the aerial, and a noticeable factor with this aerial 
current of 160 amperes was the comparative purity of 
me notes in the harmonics. The note obtained on the 
harmonics at all other currents was complex, and 
indicated that the emission was more in the nature of 
damped wave trains than that of pure continuous 
waves. This is presumed to be due *t6 variable cyde- 
to-cycle characteristics of the arc and that at 160 amperes 
m^ the aerial the arc maintains a steadier characteristic 
mth consequent purified wave-form and stronger 
harmonics. If this were the case it would also be 
reasonable to assume that the fundamental emission 
at 160 amperes would be improved [Table 1 (A)]. The 
tests do not show that this is materially the case. Such 
an effect might, however, be noticed at a more distant 
station. 

Cause of the harmonics.—It is thought that the 
haxmomc emissioiis are entirely due to the operation 
of the arc and not to radiation from stay wires or 
harmonic oscillation of the aerial. 

Table 1, (B) and (C). and Table 2 show that the 
potential gradient, the square of which is proportional to 
radiated energy, decreeises roughly in the ratio of 2:3 
for each harmonic. 

The harmonics are true harmonics inasmuch as their 
wave-lengths are (within tiie limits of the wave-meter 
used) true mtegral fractions of the fundamental wave- 
length. The facts that every harmonic is received, 
that they are true integral fractions of the fundamental! 
and that their strength is apparently independent of 
the po^ble normal modes of oscillation of the aerial, 
^ mdiMte that the aerial itself does not oscillate 
harmoiucally, but that the emissions are due to forced 
OTciUations set up in the aerial by the operation of- 
the arc.« « * 

All the measurements were taJren on a wave-length 
of 9 060 m, and the mean value obtained for the radiation 
height of Leafield was 72*6 m. 

■Hie individual values obtained by using different 
aenal currents of values between 127 amperes and 
191 amperes did not differ from the mean value bv 
more 3 per cent. The height of the masts at 
Xeafield IS about 92 m. 

By changing the fui^damental wave-length to other 


values such as 8 760 m and 12 300 m and 4 Dbserving 
the wave-length values of the hariiLonics produced,* it 
has been confirmed that these arS -produced by the 
operation of the arc. • • 

Tables 1 and 2 give the values of the sending aerial 
current eand the values of the potential gradient in 
microvolts per metre at DolHs.Hill, and the^ values of 
the radiation height, rsidiation resistance and radiated 
energy deduced therefrom. • • • 

The results obtained are very intejfesting. With an 
aerial current of 191 amperes (rdt)fesenting an aerial 
energy of about 80 kW) ph 9 060* m it i§ calculated 
that 3*96 kW are radiated, ^ith the same condition 
the radiated energy on®tfie second harmonic (4 626 m) 
is 0» 000194 kW. With 176 aerial amperes on the 
third harmonic (3 016 m) the radiated energy is 
0* 00005 kW. It will thus be seen that the energy 
wasted in harmonic radiation from Leafield is a negligible 
percentage of the total radiation, kt^s, however, im¬ 
portant to know that such a small amount of radiated 
power can cause interference. It has been suggested 
that the permissible undesirable emission from a • 
transmitting station shall be a percentage of the power" 
of the station, in the future a fixed maximum amount 
may have to be decided upon for the largest stations. 

^ To investigate methods of reducing harmonic emis¬ 
sions, experiments were carried out at Stonehaven, 
where the aerial is supported on 260-ft. masts and 
where a 24-kW Admiralty Poulsen arc had been 
installed and where plant was available for building a 
coupled circuit. •No reliable results could be obtained 
close np to the station as appreciable liarmonic cadiaijjion 
was obtained from the primary circuit, tHfe aerial being 
disconnected^ A receiving station ^as erected at 
Aberdeen (about 16 miles ff:om Stonehaven) and com¬ 
parative tests were made^us^g direct aerial and coupled- 
circuit working. With the direct aerial •circuit the 
harmonics were pronounced and no difference was* 
observed in their strength at Aberdeen whether either 
the marl^g and spacing wave method of working or 
the marking wave with silent spacing interval method 
of working was used. • 

When the primary of the coupled circuit was energized 
with the aerial and secondary circuit, disconnected weak 
fundamental signals but no hamionfbs were received at 
Aberdeen, the radiation beiifg from the primary tuning 
coil in the StonAaven station. When the coupled 
circuit was joined up to the aerial the harmonics ,.were 
very distinctly reduced. . # 

The * mush ** with a. plain aerial produced a dis¬ 
turbance at Aberdeen sufficient, to swamp out very 
weak signals, but with the. coupled circuits the mush 
was reduced to such a small amount that not even 
weak signals were disturbed. # • 

It may be interesting to observe that with the direct 
aerial working, an input of 16 kW to the arc produced 
an aerial current of 39 amperes, and with the coupled 
circuit an input of 19 kW wa« required to produce the 
same aerial current of 39 amperes, the current in the 
primary circuit being 33 amperes. 

Although experience has shoTOi that it "is not saie 
to assume ihat results obtained on'small powers can 
be reproduced with facility op larger powers, these 
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results were considered sufficiently promising to justify 
further trials on a larger scale at the Northolt ra:dio 
station where a lai^er arc Had been installed and where 
the aerial is supported- on 460-ft. masts. Both the 
mush and the harmonics from this station had proved 
msturbing to some communications near London. 

In building iip the coupled circuit here and finding 
the brat vahaes for inductance capacity and coupling, 
the primary condenser insulation was broken down on 
^two or three occasions and plain aerial working was 
resorted to. with file result that on each occasion 
immediate advice of creating disturbance was received 
Both mica-insulated and oH-insulated condensers were 
tried at N^rthoSt, but the losses in the mica condenser 
were found to be much less than those in the oil con¬ 
denser, probably owing to the oil being damp and dirty. 

The new aerial tuning inductance proved to be of 
higher resistance than was expected. With direct aerial 
working an input of 28 kW to the arc produced an 
aerial current of 46 amperes, and wifii the coupled 
circuit an input of 36 kW to the arc produced the 
same aerial current of 46 amperes, the current in the 
primary circuit being 39 amperes. 

Observations at Dollis HiU (about 7 miles from 
Northolt) show that witili a coupled circuit working the 
harmonid were practically eliminatibd and the mush 
r^uced to a negHgible quantity. With direct aerial 
the receiving telephone had to be shunted with 20 ohms 
to get rid of the second harmonic, and with 120 
to get rid of the third harmonic. 

With coupled circuit using an extra valve on the 
receiver on most occasions no harmonics were observable. 
On a few occasions when they were traced a shunt of over 
1000 ohms on the telephones caused them to disappear. 

The mush when a plain aerial was being used pre¬ 
vented the signals from North Foreland from being 
propCTly heard at DoUis Hill, but when the coupled 
circuit was in use no difficulty whatever was experienced 
The wave-length of Northolt is about 7 000 m and 
the coupled circuit has been installed permanently for 
about 12 months. The Dubilier mica condenser in the 
primary circuit is subjected under working r-nn HitipTis 
to 30 000 volts at a frequency of about 40 000 pps 
and has behaved satisfactorily. These results have 
encouraged us to proceed with a coupled circuit for 
Leafield where the power and voltages to be dealt 
with are of a greater order, but the work is not vet 
completed. 

In connection with the reduction of harmonics and 
mush, Pederson published a description of some experi- 
raents unth a cooling shoe placed upon the top of the 
c^bon electrode and capable of adjustment from a 
dutance, T^ idea was that with proper adjustment 
the arc would rise between the electrodes, strike the 
cold surface of the shoe and be instantly extinguished. 
The copper anode is already water-cooled at the tip. 
The result would be to make every cycle of the arc 
exactly similar and reduce undesirable emissions. We 
have tried an experimental cooling shoe on the large 
arcs at Leafield, but have not yet been able to form 
any definite opinion of the effect. Several types of 
shoe tip have been tried but, owing to the intense heat. 
of the carbon, on eaeh occasion the tip has melted 


after abouj: half an hour’s working. • Coating the Leafield 
carbons with a thin layer of insuls^ting material seems 
to produce a slight diminution of t£e*ipush. 

It might be concfudled from these remarks that a 
large arc is a very disturbing element, but that is not 
the cas8. The receiving station associated witli Leafield 
is at Banbury (20 miles^ away) and reception of Cairo 
and weaker stations is*‘carried out there whilst Leafield 
is working on full power. 

An experiment was carried out t^’lietermine whether 
satisfactory reception nearer tcT;^ Leafield could be 
undertaken. A frame aercal j^ointing towards Leafield 
on the Leafield-Cairo line was erected 10 miles from 
Leafield. Cairo on 11 000 m and Marion on ^1 600 m 
were read without any difficulty whilst Leafield was 
working on 12 300 m. 

Neither must it be concluded that valve oscillators are 
free from harmonics. I hear a well-defined continuous- 
wave tonic-train valve station sending out groups of 
fibres nighidy. I get these signals with about six 
distinct maxima when swinging the condenser through 
a range of from 300 to 800 m at a receiving station 
which is, I believe, about 7 miles from tliis transmitting 
station. This is not a Post Office station. 

It was stated in the Imperial Wireless Telegraphy 
Committee’s Report of 1920 that 1 aerial ampere 
produced by a valve oscillator is equal to Ij aerial 
amperes produced by an arc. After the installation of 
a valve transmitte? at Stonehaven a direct comparison 
was made. The arc set'“and the valve set were in turn 
connected to the® same aerial and adjusted to produce 
47-5 amperes at 4 800 m. The potential-gradient 
measured at DoUis Hill was 63-6 jUV/m for* the -arc 
and 62*^6 for the valye. So fan as experimental 

measurements of this nature are concerned, the potential 
gradients may be said^toabe equal? Berlin repjjarted 
that the signal strengths from the twd its were 
approximately equal but that there was mofe variation 
witli the arc. It must be emphasized that to get these 
equal results it is necessary to have the arc clean and 
in very good adjustment. 

Insulation troubles.‘^'Wh.en. Leafield was put in^opera- 
tion it was found that if the aerial current was increased 
above 190 amperes the insulators on the mast^tays 
brushed over. These insulators were carefully watched 
and when some of^them wefe removed they practically 
crumbled in the hand. An inspection of the broken 
parts indicated that they had been subjected to intense 
internal heat. With arc working the aerial CuAent 
is on continuously during tine spacing interval’ as well 
as during making, and the stay insulators get no rest 
from dielectric stresses and no chance of* cooling doVn. 
Larger insulators and then two separate insulators in 
series were tried at each point, but after a period of* 
working the trouble reappeared. It will be appreciated 
tliat the crumbling of stay insulators may result in the 
collapse of a mast during a gale. 

It was not found possdbte to get a satisfactory 
insulatibn of the stays which would permit of a larger 
aerial current than 190 amperes b^g used in all 
conditions of weather. It was iherefore decided to 
short-drcuit the insulators in all the top stays of tUe 
masts and^at the same time bo^d the stays to the mast 
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at their t^ ends, well earthing the bottoin ends. The 
• change ^Yas, made gradually* as no work Qoulti be done 
on the sta}^ whilst the station was working. This 
operation took from June to ^September, 1922, and 
systematic radiation measurements were made at Dollis 
Hill on S 750 na^and 12 300 m as the work progressed. 
The mean results of^the tesis when the work was 
completed •gave a radiatfon heigl 3 .t of 76 m for a wave¬ 
length of 8 760 ni,«an(i a radiation height of 74 m for 
one of 12 300 m.« Allowing for errors of observation, 
tj^ese results compasr# satisfactorily with the value of 
72-^ m radiation height oibtained before the change 
was made. *From this '\^e conclude that the radiation 
from Leafield has not been affboted to any measurable 
extent hf the cutting out of stay insulators. The result 
of the experiment has, however, allowed the normal 
working aerial current at Leafield to be increased from 
190 amperes to 260 amperes without any fear of trouble 
from broken insul^ors. The insulators supporting the 
aerial have given us no trouble. 


The aerial tuning inductance is 12 ft. in cfiameter 
and is supported on columns of hollow porcelain reels. 
In order to make them iigi<i, paxolin tubes were passed 
tlirough their centres, hooked ^to the bottom support 
and claniped tightly at the top. After a period of 
working these caught fire and the porcelain \vi\h 
punctured. Dry wood was then tried but^t with i^o 
better result, and fimlly a wooden spider placed at the 
top of the timing coils held the columns together and , 
tliis has stood the test of time. 

Recently during some building alterations to the* 
aerial tuning inductance room a temporary wooden 
partition about 8 ft. from the coil became damp during 
a storm and shortly afterwards caught^fire a§ the re.sult 
of being in the field of the high-frequency currents. 
The builders had been warned to keep it dry but were 
of the opinion that the warning sounded like a fairy 
tale. The fear of any further trouble was overcome 
by ci’ccting a screen of about 12 copper wires between 
the coil and the wooden partition. 
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.Local Centre in China. 

The Council have sanctioned the forgiatiqji of a 
Local Centre in China, with headquarters at Shanghai. 

.Associate MemhershlifEaamlnation Results : 

• ^ . August 1923. 

Royal Corps of Signals. 

Passed in “ The Theory of Electrical Military Sigrudli-ng.'' 

Ahehiyst, Lieutenant C. H. (23rd Sikh Pioneers. 
I.A.). 

Burt^ Lieutenant G. M. B. (Ist Bn. 12th F F Rent 
I.A.). , ® •' 

Collin, ^ptain E. P. C. (J8th Lancers, I. A.). 

Dent, Lieutenant W. H. N. (Northumberland Fusiliers) 
Gem, Lieutenant R. H. (The Buffs). 

H^, Ca:?tain j! N. A. (69th Punjabis, I.A.). 

Hmd», Heutenant C. D. (R.G.A.). * 

Hurst, Captain G. S. (4th D.C.O. Hodson’s Horse, I A ) 
Joyrda^, lieutenant F. W. S. (Oxf. and Bucks. Lt 
Infantry). 

.I^ard.^Captam R. G. (5th Gurkha Rifles, I A) 
McGregor. .lUentenant W. D. [1st (K.G.O.) Gurkha 
tunes, I.Ai]. 

Captain D. MacL. (3rd R. Bn. 3rd Sikh 
Pioneers, I.A.). 

O’Sullivan, lieutenant pT R. (Wilts. Regt.). 

P^er, Lieutenant W. J, (R.F.A.). 

Thdley-Thpaipson, Lieutenant E. L. (The Queen's Bavs) 
^grue. Lieutenant W; F. (Beds, and Herts. Regt.). 
Thomi^on. lieutenant T, C. (The Royal FusilieJ). 


The Physical Society of London and the Optical 
Society: Annual Eahitoition of Scientiilc 
Apparatus, 

Tickets of admission to the above Exhibition, whicli 
w to be held at the Imperial College of Science, Soutli 
pnsmgton, on Wednesday and Thursday, 2nd and 
3m January, 1924, can be obtained from tlie Secretary 
of the Institution. ^ 

Committees, 1928-1924. 

Among the Committees appointed by the Cxninc-iJ 
for 1923-*24 are the following ;— 

Informal Meeu^ngs CoMMiTTjiis.* 

The President. 

Mr. J. R. Bedford. ^ Mi-. A. F. Harmer 

J; Coxon. Mr. E. F. Hetlieringtnu 

Mr. P. Dunsheath, Mr. A. G. Hilling. 

® Mr. F. Pooley. * 

Warrilow. 

The Chairman of the Papers Committfe. • 

The Chairman of. the London Students* Section. 

Library and Museum .Committee* 

The President. 

Colonel R. E. Crompton, Mr. S. W. Melsom. 

T, . .r. , Mr. W. M. Mordey, 

o Mr. C. C. Paterson, O.BE. 

. Colonel T. F. Purves, Q.B.E. 
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Local Centres Committee. 

The P|;esident. 

Mr. C. T. Allan. ^ Mr. G. A. Julilin. 

Major H. Bell. Prof. E. W. Marchant, 

lir. T. Carter. D.Sc. 

^r J. Devonsliire, K.B.E. Mr. R. B. Mitchell. 

Mr. K. Edg'cumbe. Mr. J,*B. Morgan. 

Mr. F. CSll, O.B.E. Mr. A. Page. 

^Mr. J. S. Highfield. Mr. R. N. Tweedy. 

Mr. E. M. HoUingswertli. Mr. C. H. Wordingham, 

C.BJI. 

r 

iSciBi;|iCE Abstracts'' Committee. 

The President. 

lir. LI. B. Atkinson. Mr. F. Gill, O.B.E. 

Mr. W. R. Cooper. Mr. W. M. Mordey. 

Dr» D. Owen Representing the Physical Society 
Mr. T. Smith .. J of London. 


Ship Electrical Equipment Committee. 


The President. 


Mr. A. G. S. Barnard. 
Mr. J. H. ColUe. 

Mr. B. M. Drake. 

Mr. A. Henderson. 

Mr. J. W. Kempster. 
Mr. J. F, Nielson. 


Mr. N. W. PrangneU. 

Major A. P. Pyne. 

Mr. S. G. C. Russell. 

Mr. T. A. Sedgwick. 

Mr. H. D. Wright. 

Mr. C. H. Wordingham, 
C.B.E. 


Representing 


And 

Sir W. S. AbeU,| 

• K.B.E. .. .. ^Lloyd's Register of Shipping. 

Mr. J. T. Milton .. J 
^ - /British Electrical and Allied 

wo represen ves Manufacturers' Association, 

Mr. T. Carlton .. Board of Trade. 

Mr. W. Cross .. Electrical Contractors' Associa¬ 

tion. 

Mr. J. Foster King British Corporation for the Sutvey 
and Registry of Shipping, 

{ Institution of Engineers and 
Shipbuilders in Scotland. 
Electrical Contractors* Associa¬ 
tion of Scotland. 

Mr. A. W. Stewart Institution of Naval Architects. 
Mr, H. Walker, /N.E. Coast Institution of Eng^- 
O.B.E. \ neers and Shipbuilders. 


And Representing 

Capt. C. t. Kennedy-Purvis, R.N.# The Admiralty". 
Major R. Chenevix-Trench, Q.B.E.,* -The War Office* 
M.C. • • 

Major H. P. T. Lefroy, D.S.O., M.C. The Air Ministry. 
Major G. Lee, M.C.The Pps# Office. 

• • 

Wiring JIules Committee. * 

The President. * * 

Mr. LI. B. Atkinson. Mr. S^ Ji^. Melsom. 


J\Ir. J. iP. Nielson. 

• Maijor A. P. Pyne. 

Mr. E. Ridley, 

Mr. C. P. Sparks,# C.B.E, 
Mr. C. H. Wordingham, 
C.B.E. 

Representing 


British Electrical and Allied Manu¬ 
facturers' Association. , 


Mr. H. J. Cash. 

Mr. J. R. Cowie. 

Mr, W. Cross. 

Mr. J. Frith. 

Dr, C. C. Garrard. 

Mr.. P. V. Hunter, C.B.E, 

And 

Mr. E. G. Batt .. 

Mr. H. H. Berry., 

Mr. J. R. Dick .. !> 

Mr. A. R. Everest 

Mr. C. Rodgers .. J * 

Mr. W. F. Bishop Cable Makers' Association. 

Sir T. O. Callender 4. -.jr , , x 

Mx. J. F. W. Hooper takers (unoffioally). 

Mr. W. R. Rawlinp \ Electrical Contractors’ Associa- 
Mr. S. H. Webb .. } tion. 

Mr. E. J. B. Lowd«n ^Contr^tors’ Associa- 

• L ^tion of Scotland. 

Mr. B. M. Drake.. Contractors (unofficially). 

Mr. A. C. CockbumY ^ 

Mr. S. G. C. Russell SFire Offices (unoffipially). ® 

Mr. A.^L. Jaylor.. I \ ‘ ' 

Mr. JJj*Christie .. 11ncorporated Municipal Electrical 
Mr. F..W. Purse .. / Association. ^ 

Mr. E. T, Riithven YlAcoi^orated Association of "Elec- 
Murray ., . . / trie Power Companies. 

rConference of Chief '^Officials ^f 
Mr. O. M. Andrews I the London Electric Supply 
1 Companies. 

Mr. T.M.Crowdy.. |’^“^^°“ Supervisin| E>ec- 
L tncians. 

.T? Martin Y Independent Cable Makers' As- 
Harvey .. .. / * sociation. , . 

Sj^tional Committees. 

Lighting and Power, 

• ' The President. 


Wireless Section Committee, 

Mr. E.. H, Shaughnessy, O.B.E. (Chairman). 

# • ‘ The President. 

Mr. ’ B. Binyon, O.B.E, Mr, C. C* Paterson, O.B.E. 
Mr. S. Brydon, D.Sc. Mr. J, St. Vincent Pletts. 
Dr. W. H. Eedes, F.R.S. Captain H, R Sankey, C.B., 
G. F. Elwell. G.B.E., R.E. 

Prof. G. W, 0. Howe, D.Sc. Dr. R, L. Smith-R-ose, 
Admiral Sir H. B.: jack- Mir. A. A. C. Swintpn, 
son, G’C.B', F.R.S. F.R.S. 

Mr, G. H. Nash, C3.E. Mr. C. F. T^pe. 

‘ - The Chaiman of the Papers Committee: 


Mr. J. W, Beauchamp. Mr. R.. B, Mitchell* 

Mr? J, R. Bedford. \ Ur. A. Page,, 

Ur. R. A. Chattock. Mr. G. W. Partridge. 

Mr.. R. Grierson. ]Mr. C.. P. Sparks, C.B.E. 

Mr. A, F. Raniier. . Mr. W". B> Woqdhouse. 

, Electricity in Mines. 

The President. . . 

Mr. Cj T.'Allan. • MEr, .W. M. Selvey. 

Mr. j. A. B. Horsley. Mr. C. P. Sparks, C.B.E. 

. Mr. j. D. Morgan; . Prof. Wv M. " Thornton, 
Mr. W. C. Mountain, 'i).Sc.> 6.B.E. 

Mxf W, H; Mr. 
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. * 1 ruction, 

riu* 

Mr. H. W. Fiiih, Mr. <;. VV. Tartriilgt*. 

A. ('(jrtrz f.oi^h, Mr. f. SaviTs, # 
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SUMMARtr. • 

puriag &e past 40 years radical changes in manufacturing 
conditions have rendered industrial research essential for the 
attainment.of reasonable efficiency and progress. 

Industrial research is divisible into two orders, the more 
general arid the more particular, both being necessary for the 
production of a neV*article. The second is usually termed 
“ Development/* and is the special subject of this paper. 

While British men.of science and applied, science have been 
pre-eminent for general research, little attention has been paid 
to development. Hence few inventions have, within recent 
years, been'brought to their conclusion in this countryi as 
compared with the great amount of original scientific work 
which has been successfully accomplished. 

• The reasons for this are analysed, and the cause is traced 
to lack of the co-operation necessitated by modern manu¬ 
facture. This want is filled by development departments. 

The virions functions of the latter ar# dealt with. Their 
outcoine is the rem^oval of all-non-stiindard work and technical 
troubles from tiie* shops and drawing offices, and the pro- 
.visiem of original aticf matured designs of new and improved 
articles for manufacture. 

The negligible value of ordinary sources of novgl suggestions 
is discussed, and th^ qualifications of a development mjg.n are 
deduced, The question of staffing the department, the 
educabonaj qualifications Which tire staff should possess, 
are then treated. 

J^ractical fnatters, includmg buildings and equipment, 
procedure in development, the recording and filing of results 
and data, and the indexing of literature and information, are 
discussed. 

if shgrt summary is given of .the principal industrial 
research organizations in Great Britain, with a brief discussion 
on co-grdination. 
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I. Introduction. ^ 

The past 40 years have witnessed a gradual but far- 
reaching change in the manufacturing sJ^stem. In tl^c 
first place, the increasing application of science to in¬ 
dustry, and the growing complexity of the various 
products, have in general made it impossible for a single 
mind to carry on the complete administrative and 
technical direction of a manufacturing business. 
Secondly, the progressive standardization of all but the 
newest products has opened the way for (juanlity 
production, involving the manufacture of a greatly 
increased number of articles on the basis of a given 
design, and has thus introduced conditions favofiring the 
growth of tlie factory and at the saino time the 
specialization of its output. 

Not only have these developments enhanced the value 
of the original design, since a much greater number of 
articles are now affected thereby, but tlie increased 
efficiency introduced by quantity production has 
afforded the means whereby the design can ho far 
more fully considered. I.'hus the scientific staff has 
found a place in manufacture. Thair work has been 
generally termed "industriar* research, in contnu. 
distinction to the “ pure research carried on for the 
extension of scientific knowledge. 

The former is divisible into two well-defined orders; 
the first being the more general and theoretical, and the 
second the more particular and practicah Of those, 
the second is generally termed ** development and has 
been brought^to a high state of perfection abroad. In 
this country its value has been recognized to a much 
smaller extent, to the disadvantage of many of our in- 
dustries. The author is conwnced tluit no praccdure 
IS more capable of benefiting the industry with winch wu 
Me more especially concerned than the institiition and 
furtherance of developmental research ; and it is the 
pui^ose of this paper, first to distinguisli between the 
vanons kmds of research and their application, and then 
to deal particularly with tlie essentially practicafvariety. 

II. Classes of Rijseakch Woiyc, 

The atove tliree tsrpes of research work are typicallv 
employed m consecutive order, in the production of 
•new pieces of apparatus. First, an investigator in a 
umveimty or similar laboratory makes a discovery while 
eng^ed in extending setentific knowledge. Secondly a 
worker m an industrial research institution recognizes 

w- cliscoverj^ in connection 

wthhis^dustry, and carries out a further investigation 
to ascertain itR Tj: . . . 


T inr xr . to ascertain its practicability. 1^ the answer is in the 

- JPu?NAi,, Voi;,. 62, No.. 325, January 1924. _ 





62 FILSON : INDUSTSlitL RESEARCH, WITH SPECIAL REFERENCE TO 


^ /T » 

afifirmative he makes a definite proposal, and may even 
support this with a primitive model. Finally, a develop¬ 
ment worker takes the matter in hand and, as a result 
of a third investigatioi;!, elaborates an actual product 
embodying the principles evolved by his two prede¬ 
cessors. The proposed apparatus, as sub^litted to him, 
n;i.ay be fragile, inefficient, unreliable and expensive, 
its utilization being unwarranted or even impossible 
^ until various practical problems have been solved. 
^ This, then, is the function of the third class of worker, 
who renders the apparatus suitable for manufacture in 
the shops and for acceptance in -^le commercial field. 

These three stages can be clearly recognized in the 
evolution eOf practically every industrial apparatus. 
Of these it will be suificient to cite the d 3 mamo as an 
instance. First, the production of force by electro¬ 
magnetic means was investigated, notably by Oersted, 
Amp&re, and Ba-rlow, the last-named of whom actually 
obtained continuous rotary motion. On these principles 
Faraday then based his more utilitarian but extremely 
important investigations, leading to the construction 
of the first crude dynamo. Finally, the latter was 
developed to its practical form by Gramme, Crompton^ 
Kapp, Ferranti, Hopkinson and others. 

The distinguishing characteristics of the three orders 
may nolir be summed up. Pure research, to employ 
its usual but not highly satisfactory name, is unique in 
being undertaken entirely with a philosophic motive, 
and hence would probably be best described as '' philo¬ 
sophic ” research. In this respect it is contrasted with 

industrial,** utilitarian,** or pragmatic **• research, 
by which a proposal for an article of commercial utility 
is formulated. This proposal is converted into a 
finished and workable apparatus by what is most 
often known as ** development,** a title that is, how¬ 
ever, ambiguous when its context is not supplied ; 
and as practically the same ground is covered by the 
** technical research ** of Mr. Swinburne, the latter term 
is preferred by the author, 

III. Need for Technical Development. 

If the evolution of modern engineering products is 
studied, it will be found in a surprisingly large number 
of cases to have been the outcome of pioneering 
work done in this country, which has unfortunately 
been discontinued at ^e end of the second stage, 
leaving the final development to be carried out abroad. 
A few examples of this may be worth recalling. 

The industries depending upon the fixation of 
atmospheric nitrogen are the outcome of the philosophic 
research work of Priestley and Cavendish, followed by 
the more utilitarian investigations Of Rayleigh. The 
development work was carried out abroad, largely in 
Amerha ai?d Norway. Other electrochemical pro- / 
ducts, derived largely from the researches of Davy, 

Faraday and Charles Watt, have only resulted in 
the establishment of new industries in Germany. 
Several types of alternating-current motor have the 
same history. Electrical engineering generally has been 
founded chi^y on the brilliant work of great British 
electricians, such as Faraday, Maxwell, Kelvin, Hop- 
I^hsqn and Thompson, yet niuch of the work of applica¬ 
tion and development has been carried out in America 


and on the Continent, while quite a considerable pro¬ 
portion of the apparatus actually iffianufactured in this 
country during recent years has Keen made to designs 
supplied from abrosfS.^ 

Unfortunately, although we claim for our own 
technical men very much of the credit for hidustrial 
progress, it is those whb complete the wor]^ that gain 
every other advantage, for we have grown accustomed 
to abandoning our enterprises jtist tirtere they begin to 
be profitable. By permitting foreign nations to act 
before^ us in this manner we arC Conceding them the 
initiative, an error in ta^ics as ^serious ,in commerce 
as in war. In the Colonial and foreign fields the effect 
of this loss of initiativS is especially etident, for prestige 
is there an important factor in determining simcess, and 
orders tend to be given to the tactual authors of im¬ 
provements and innovations. The latter also secure 
the very practical advantage that they turn out the 
improved product, and therefore gw© better value, for 
a considerable period before their copyists. 

IV. Causes of the Present Position. 

From time to time, theories of rather an alarmist 
nature are propounded to explain this state of things, 
usually by the allegation of national decadence in 
various respects. Such charges of deterioration cannot, 
however, be substantiated either against our investi¬ 
gators in pure or applied science or against the workers 
in our factories. • Further, the outstanding success of 
our invention and manufacture during the war; not only 
in a few but iu practicaUy all industries, sufficiently 
proves our originating capacity. Itls evideirt:, ther^ore, 
that there must be a national peculiarity the effect of 
which#v^ wfelt, or at least unnoticecL* until manufactur¬ 
ing (ponditions were disturbed by the developments in 
induslrial methods to whjph reference has been jnade. 

Such a characteristic is to be found in«th5 tendency 
against co-operation that is at once remarked^^even by a 
new^mer to ^is country from another part of .the 
British Dominions. It is evident in our art, in our 
politics, and in our industries. Its effects are apparent 
not only between individuals, but between asso^iatfbns, 
between firrns, between those who teach the theory and 
those who practise the profession. Its result ^s that 
for single-handed work we need fear no competition, 
but where co-operation is ^essential we frequently fail. 

Unfortunately for us, the present industrial era is one 
in which the association of effort and o^ideas^is all- 
important.^ In every movement a time arrives-when 
progress can be maintained only by co-ordmation. 
This critical point was reached in engineering develop¬ 
ment when the foundations had all been laid, when the 
elementary discoveries had all been effected, and when 
the simple apparatus had all, or nearly all, bgen thought 
out. From then onwards, progress could only be made 
on more advanced lines, by employing higher theoretical 
principles, more elaborate tools and instruments, and 
more expensive construction. For this, not only is 
scientific work nec^sary, but most of it must be carried 
out in conjunction with the industry, and mudh of it in 
coil junction with the actual works. Thd^e two latter 
categories will be recogpnized as broadly corresponcMiig 
to industrial research and development respectively. 
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The latter is unfortunately attended ty peculiar 
difficulties, since tt must be carried on - by men of 
university status, in conjunction with a factory or 
group of factories, and these i^o elements have in this 
country proved very hard to combine. The author 
hopes -fliat a discussion of the problems invoked will 
be of advantage in furthering tliis form of research work, 
and thus in promoting the. welfare of the industry. 


V. Functions OF a Development Department. 

• broad function of a development department is 
to«evolve new types of ^product for manufacture in the 
shops with which the department is associated. This 
also involves the evolution of new parts for an existing 
model, to endow the latter with new characteristics or 
to improve it in some desirable.respect.. In many cases 
the desighing and drawing offices may themselves be able 
to effect a, desired change, and merely require certain 
theoretical or •experimental information which, on 
request, is then supplied by the development staff. 
Problems requiring higher mathematics will be sub¬ 
mitted to them for solution. Problems and difficulties 
in the examination of the finished product will be passed 
on by the routine testing or inspection departments. 
Technical advice will also be afforded to any part of the 
factory when desired. 

The general effect of such a department is to take upon 
itself all technical burdens from the shoulders of the 
staff and works. It thus incideiffcally performs tw'o 
very important services, Pirst, much of the worry and 
risk of failure is removed from the c^igning staff, and 
secondly,* all work of a non-standard nature can be 
removed from the shops, as the model makers attached 
to the devolop^^ent department will nov^cany out all 
experimental or tentative construction. Thdfee who 
ar^-intimately concerned manufacturing tvill have 
had experience of the absorption of time and dis¬ 
arrangement of routine that may be caused by the 
sand winching of trial jobs between the regular items of 
work, and by the frequent visits of draughtsmen to 
die work benches. The aim of the development system • 
IS to* put an end to this, and to enable both shops 
^d staff to pursue their duties with a minimum of 
int^uption. 


. In order to illustrate the above curriculum and tc 
demonstrate its general applicability, the author pro¬ 
poses to outline the actual work io be carried out in 
cases, so selected as to represent opposite 

^ Xlie first case is that of a factory employing several 
thousand hands, all engaged on mass production. It 
be supposed that the designs are supplied to the 
factory m question by their customers, as was the case 
with m«mtion firms during the war. 

The peculiarity of such a works is that there is no 
apparmt necessity for any theoretical department, if a 
materials test-room be excepted, and it is by no means 
untoown for a factory.of this nature to he organized 
wito no special provision for technical knowledge. 

«hc^y caUed practical men,” i.e. they may be pro¬ 
mpted worWn who have never received any technical 

Even the of the gauge room 




fitter with no knowJedge of scieuco or s jmd 

no aptitude for study. It is po,s.sil>Je, in ^iJiurh hu it 
factory with a pay-roJl ^running into four ur 
figures, to include no more tlMin about a people, 

apart from the clerical staff, whose ethical ion iias 
continued after they were 14 years of agt*. 

Yet there are freq nont problems, even iu repeii^iitJU 
work, that reqiiire^solutioii by a. Juglily^traiiied iiuui. 
The type of machine used in a modern workshop, tlu^ 
jigs, fixtures, and other inacliining acce.ssories, 
especially the gauges, Jiave lictMi (lo.sigiiod willi the 
assistance of all tli*; resources of uiodoni t'H.giueering 
science, and tlieir use should therefore reijuiro n corte- 
spondiiig degree of knowledge in tglto w»rkslu>|>. In 
particular, Jimit-g.uiging is addinitcand iiifiiirate Iiiuik Ii 
of physical science, and proficiency in it ■ (leiti.'tniUi a 
knowledge of geometry, trigonometry, aiipUed luccliiinics 
and the properties of materials. 

Keeping the factory as a ivliole just ;is it i.s. mi 
immediate gain in ollicieiicy out of all jiroimriion to Un- 
cost would be cUticted by the institution of a siiuill 
development department, the chief linties of whicli 
would be to act as consultant to the .shops. I-acu one 
man with, say, a university degree in fiigiiuaTiiig ami 
an eiithusiaosm for the work, would lie able to reduce 
greatly the amount of scrap and to cause tfiings to go 
more smoothly. He would be consulted it a gauge 
gave unsatisfactory results, and would be vei|uirc<l lo 
discoverthc reason and to correct the met bod of gauging 
employed. Jigs that were misdirecting their drills f-ir 
some obscure reason would lie put under bis ol iseia ation. 
Theoretical questions as tomaterial.s, ilbnuiimtioii, Ju-al 
treatment, rectification, and the like, ivoiikl lu- put lo 
him. He would suggest, or search for, .scieulHic uielhods 
of overcoming the many small dilliculties that crop up 
in such a work!., while he would keep in tmicli with the 
general workshop practice applicable to hi.s particular 
establishment. 

As these functions do not. in point of fact, iin-olve 
investigations of a very advanced nature, Imt do involvi- 
a close contact with the shops, the dupartim.ut, mi-ht 
well include a small technicid library for llm use of Uu- 
works staff, by the adniiiiistration of wbir.h Uic lusul 
could the more effectively get, and keep, in touch wit h 
those in charge of the work, who would thus be Uu* 
more ready to bring problciiis and troubles l« him for 
solution. 


the second and more advanced e.^ainplc* bj a dvimrl - 
ment associated with an electrical factory, whicli is 
entirely self-contained,in that the whole of its nriiducts 
are desigimd within its walls. Tobegin witli, tliedevelop- 
ment staff will endeavour to produce new * losigiw of 
apparatus for the shop to nuiniifacturo. Mm li of this 
work will be undertaken sus a result ofr..prt*n.|daliom, 
fronv the various sales, design, works or oUu-r dei.itrl- 
ments, whenever one of these may realize that u chmiec 
or an innovation is desirable. The deve-lopnumt siaft 
wilUlM keep m close touch, by study and observation 
with etetrical practice as it concerns their rirodui !• ’ 
^ ».l .1,™ tl,.„,»lvo. 1» able, to toiliau. 
as to future activities. These will be subinittr*d to Uu- 
management through the medium of rejK,rts. in wl.k.li 
the objects of the proposcsl .developments are given 




64 WILSON : INDUSTRIAL 


research, with special reference to 


together with such details as to their nature as have 

been arrived at. ^ . t. x ^/Nt-rric 

Since the development department in such a factory 
either the point of origiir or the clearing house or new 
prpducts, it follows that it must be the repository for an 
technical data concerned in the design of the articles ® 

in >he factory. No development mth wluch the depart¬ 
ment is not naade acquainted, however trivial it ni^ 
-should be permitted in the shops. It would be absurd 
Xo assume that no member of the regular office or works 
staff is capable of irnxoducing original improvements 
or novelties, and it is perhaps seorcely necessary for 
ev'ery single item of experimental design to be made 
up in the devefopment shop or even under the sur¬ 
veillance of one of the development staff. But it may 
ba^stated definitely and emphatically that if the depart¬ 
ment is to be efficient in its functions it must know the 
whole truth with regard to the design and perform^ce 
of all the products for which it is responsible. 
Draughtsmen and foremen are exposed to a natural 
temptation to experiment for themselves with models 
in the shops and test-rooms. This procedure re-intro¬ 
duces non-standard work into the factor}’' curriculum; 
at the best it constitutes double-banking; it is a most 
expensive practice when everything Is taken into 
account; ""and an efficient and economical outlet for 
such energy is now pro\aded. Such people should 
be instructed to communicate their proposals in full 
to the development department, and any aittempt at 

private enterprise ” should be strictly repressed. 

The duty of being responsible for all data connected 
\vith design and performance thus devolves on the 
department. Careful records of constants, standards, 
specifications and dimensions employed in current 
design; modifications; test results'*; complaints re¬ 
ceived ; patents taken out and pending; and suggestions, 
are compiled and indexed. An index of information 
bearing on subjects connected or allied with those under 
investigation must be created, preferably on the card 
system. 

These records can only be rendered complete and 
therefore dependable if every unusual occurrence that 
bears in any way upon design is reported to the depart¬ 
ment. They also render the development staff fully 
capable of acting in a consultative capacity to the 
factory in general, and of pealing with a wide variety 
of technical queries. Calculations involving higher 
mathematics, such as the force between adjacent 
conductors due to a possible short-circuit, or the strength 
of spring required to generate a required velocity m the 
contacts fff an oil switch, will be submitted to them. 
Simple formulae or diagrams, whereby such values may 
be obtained by the factor}’- staff, will, where possible, be 
worked Out. 'Questions involving theory, such as the 
resultant current in portions of a network, the safe 
current density in a liquid, or the treatment of an 
accumulator battery, will also be addressed to the 
department. Test-apparatus for given requirements 
\nU be specified, designed or even constructed for the 
routine test-rooms. Inquiries, even of the " workshop 
reape type, may be made and answered by means of 
an appropriate file or index. 

When a complaint is^eceived from a customer the 


development department will act as an at^iidicajor 
for the firm, examining the apparaflijs in question and 
the conditions under which it failed, bestowing the blame 
in the right quarter an# proposing a remedy. 

The examination of materials comes, in ^reality, 
within Ae scope of routine testing; bu^ as .such work is 
of small extent, and requires *eS;pensive and delicate 
apparatus that is also fiecessary for (Jt^velopment work, 
an exception may be made in this respect, and such 
routine work may be done in this^ department. The 
same arguments apply to the calibmjtion of instrumq^itst 
and those for the whole kxctqfy may, without intro¬ 
ducing inefficiency into ,thc development sy.stem, be 
adjusted and even repaired in the department'^ labora¬ 
tory. Apart from these exceptions, routine work i,s 
out of place in a development laboratory, and its 
introduction is most undesirable. 

From the above functions it will be seen that a very 
considerable burden is removed freftu* the works and 
drawing office, and the result must be smoother and easier 
working, economy of labour and certainly of result. 

VI. The Value ok Su(UiK,s'noN,s. 

It has already been stated that tlie development 
department is the correct place for receiving, examining 
and reporting on suggestions from outside its own walls, 
and efficient arrangements .siiould be mn<le for doing so. 
The benefit derived from this source is, however, much 
less than is generally imagined. ^ 

There is a popular tlieory that an epoch-making 
discovery in any*branch of science ^may he made by 
anyone with a smattering of knowledge tUmniu • A 
similar delusion is that workpeople and*luun1>le mfiployccH 
of big contribute largely tow;^irdH tlie "^new 

ideas '•which help the firm to make a profit. If it were 
more fully realized that^su<iJi tli.HC0Vi^ties can be nyidc 
only by people who are earnestly searching fvr them, 
and who also know from long (experience how*uiId wheue * 
to look, not only would considernlile misconception 
be prevented but much disappointment to would-be 
inventors, and much loss to the investing pulilic, wmdtl 
also be saved. ^ 

Some years ago the author was engaged as a con¬ 
sultant to report on a new reversibfij steam turbifie, a 
20-h.p. model of which had beeit constructed and 
operated under steam for* deniouslratioti purposes. 
The inventor was a mechanic with no trainitig or ex¬ 
perience to equip him as a turbine designer,never¬ 
theless a company was formed and nigistefed anej ^he 
shares were upon the market prior to any competent 
advice being obtained liy tlui dirc'ctom. A cursory 
examination then revealed that it was not a turbine*at 
all, but a crude, rotary piston engine, and a brief test 
shc)wed its efficiency to be in the vicinity of lf)er cent. * 
It is interesting to note that this information led to the 
abandonment by the directors, not of the project, but 
of tlie consulting engineers, leaving the company to go 
forward and the shareholders'^noney to lie lost without 
expert counsel. 

The above instance, ■which is only typical of many such 
failures, hos been given to illustrate the extent of the 
popular misconception, even among business men, al 
to the simplicity of arriving at vajuable results. Contra^ 
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. to thfe mistaken view, it is practically impossible for an 
investigator to produce, a novel apparatus unless he 
possesses a number of valuable qualifications. First 
he must be weU versed th^reti&lly; secondly, he must 
pe _mtimately acquainted with the practical conditions 
and especially fhe worst conditions, under wftch the 
appar^s.is to function,- thirty, he must be informed 
^ to &e work w^ijh has alreadjf been done on the same 
type of apparatus, mcluding the failures of other workers • 
and^fin^ly, he mq^t have ptactical knowledge of the 
mettiods of manufajfure a;gpropriate to the apparatus. 
The weakCT.he is with ^respect to any of these quali- 
hcations, the more the success of his efforts depends 
upon chgnce, and the more wasted work he does in a 
given time. These points may be strengtiiened by a 
further and more simple illustration. 

One of the most attractive articles to amateur 
des^n^s in the realm of switchgear is the fuse, and 
probably more •iforthless suggestions are made in 
connection witli this appliance than any other. Its 
^ I principle appear to be easy to understand 

wMe the shoftcomin^ of the standard patterns seem 
e^dent and regrettable. It is therefore inevitable 
that amurnber of would-be improvements should be 
designed, the defects of wliich illustrate the need of the 
qualifications that have been mentioned. 

^ In the firat place, the vast majority of their producers 
do not realize that a fuse has to do something more than 
op^ the circuit upon the occurrendb of a small over¬ 
load, up to, sa^, twice tlie notmal load. If this were 
aU, almost any enclosure containing* the wire would 
sewe the purpose. The governing condition, however, 

IS that of a Short-Circuit, and the problem thus becomes 
much more abstijise. As a matter of fa(Jt,^he standard 
test for a fuse is to connect it across the mains wMi the 
containing case ‘Earthed ” io the positive, and ^len to 
close tliei sviitch. • 

• Besides fiaxnilimity with the requirements, fuse desigm 
demands a knowledge of the properties of the electric 
m-c, as its success depends upon its power of quenching 
aj^arc stream before any appreciable damage has been 
done to the contacts or porcelain. A knowledge of tlie 
inaterials that may be involved, together with tlie method 
of wfirking them, is also desirable, in order that sound 
and economical construction may be specified. Finally, 
aU the work expended on design will be wasted if the 
resultant fuse is one which has been tried and discarded 
a.number erf years previously. 

TSii'fact that emerges from these examples is that 
the person whose suggestions are likely to prove of 
value is the one who is actively engaged in producing 
or Otherwise dealing with the article in question. For 
ex^ple, the staff of the department itself, including 
Msistants* model makers and juniors, become potential 
discoverers in their own spheres, especially if an atmo- 
sphere of research can be made to permeate the whole 
estebhshment and collective thinking is encouraged. 

It IS also natural that valuable proposals should 
€^ate from_ the designing and drawing oflfices, the 

s of includes men with'the necMsary qualifica- 

nons for at any rate the less advanced forms of invention. 
Here ag^, useful results may be few unless a certain 

favourable atmosphere gan be created and maintained. 


Such proposals from the shops as are acceptable are 
usually for improvements in methods of working, and 
for safeguarding tlie opera&rs themselves from injury. 
The author is in favour of stimulating the workpeople 
by the standing offer of a monetary reward when such 
suggestions are used. 

Outside the factmy, suggestions are offered chieffy 
y customers and patentees. The former^ as users or 
pcrtential users of the firm’s products, are in a radically' 
mfferent position from the producers with regard to, 
toe apparatus, and any commeift from them affords 
data for design. A patentee’s proposal is usually 
accompanied by a specification, wliich requires to ffe 
digested and reported upon to the manag«ment, %vho 
tnen take up the negotiations. 

Even when a suggestion is sound it is not always 
imssible to employ it at once, as the modification of tlie 
standard design will not always be justified for the sake 
of a smgle improvement. Such suggestions are there¬ 
fore carefully filed for use in the immediate future. 

VII. Staff. 

The preceding section will have indicated how many 
people are noi in a position to contribute original ideas, 
and will have emphasized the value of a development 
stall who are able to collaborate upon their special 
lurictions, unimpeded by commercial matters or the 
regular routine work of the factory. 

A first great advantage derived from the segregation 
of the men engaged upon development is that their 
quaimcations are largely pooled, and individual members 
can do original work although each does not possess all 
the stated qualifications. For example, an enterprising 
and well-educated but inexperienced junior might still 
bring forward valuable suggestions when helped and 
guided by his older and more experienced colleagues. 

It IS necessary, however, that the senior men, and 
especially the head of the department, should be '' all¬ 
round men. The head himself should have as wide 
and general an experience as possible in the use of 
the articles to be developed, as it is upon him that 
the responsibility rests for the practical utility of the 
department's products. Again, the senior- men, and 
especially the head, should have had considerable shop 
experience in tlie construction of such products. 

It must not be imagined tfeat anyone who fififils the 
conditions given in Section VI above will succeed in a 
development department. These were intended to be 
the bare essentials for the making of useful suggestions 
and must be reinforced by others if difficult problems 
are to be solved and elaborate designs arrived^at. 

In the first place a research man must have an 
analytical mind, or in other words a faculty of isolating 
the various components of a problem, * 0 ! separating 
the vital from the secondary, and of distinguisliing and 
correlating cause and effect. He must be an adept at 
ehmmating interfering elements from his considerations, 
arguments and tests. In partieular, he must be able 
to refer as many problems as possible to first principles, 
in order that the simplest, clearest and surest thinking 
inay result. By virtue of tliis faculty, an involved and 
therefore a great difficulty may be broken up into a 
number of separate problems, the solution of which can 
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then be carried out in turn. Without it, the would-be 
research worker cannot hope to penetrate far beneath 
the surface without becoming confused. 

Although it is probablp going too far to assert that 
the above qualifications can be conferred by any course 
of study upon an individual who is not specially gifted 
b}7r=nature, it is a fact that they can be awakened and 
enormously stimulated by appropriate training. In the 
'^ase of one who hopes to attain a leading position in tech¬ 
nical research and to exercise the functions that have 
been described, the folTowing preparation is indicated :■— 

ft 

General training. 

(1) Training in^^he art of clear and logical thinking, 
afforded by the study of mathematics. 

^2) Training in the tactics of research, afforded by a 
study of physics and chemistry and, if possible, of 
geology. 

(3) Training in the art of lucid expression, afforded 
by the study of languages. 

(4) Training for the hand and eye, afforded by the 
study and practice of mechanical drawing. 

(5) Training in the practical application of theory, 
afforded by works experience as nearly concurrent with 
the theoretical training as possible. 

r 

B. Special training.'^' 

(1) Advanced study of the principal pure science 
concerned in the industry (electricity and magnetism). 

(2) Study of the applied sciences bearing on the 
subject (at least applied mechanics, mechanics of 
machinery, theory of structures, strength of materials, 
and heat engines). 

(3) Study of the professional subject concerned 
(electrical engineering). 

(4) Study and practice in design (electrical design). 

It will be seen that a full professional degree course 

has been arrived at, the pure science subjects of wliich 
the author considers to be especially valuable for the 
purpose in hand. Not only does a study of the work 
done by the great scientific investigators of the past 
help the student to acquire some of their ingenuity, 
their perseverance, their thoroughness and their 
courage, but the attendant laboratory practice ahords 
the much needed ability of drawing correct inferences 
from experimental work. 

The necessary works Experience after graduation 
should be obtained preferably as a regular employee, 
and not as a privileged “ hanger-on."' In addition, the 
inspection of works concerned with collateral industries 
is especially valuable as an antidote to a water¬ 
tight conCpartment" tendency that frequently cramps 
development. 

A iew^ wor6g may be said with regard to the type of 
men required for various kinds of research work. For 
some branches, such as magnetic survey work, stolid, 
even-natured men are needed who can work for 14 
hours a day at monotonous occupations, without com¬ 
plaint or desire for relaxation. But most members of 
a technical research staff must rather be capable of 
concentrating a great amount of energy upon a problem 
and need not have the same virtue of constancy of 

The subjects given in brackets are those appropriate for electrical engineer¬ 
ing development. 


effort. For; invention and the solution of difficulties, 
moreover, the qualities of imagination^ and enthusiasm 
are at a premium, and these are characteristics of the 
excitable, rather than •^the stolid, type of man. A 
third type, intermediate between the foregoing, includes 
mathematical investigators. 

A characteristic of a research ^aff, as disfjnct from 
the components of a Works organiz^ion, is that they 
are not only engaged entirely oit brain work, but the 
tasks of many of them, notably of thq^^ belonging to the 
second type, are practically all inherently high-pressure 
ones, almost unmixed Avith work^of a regular ^description. 
To avoid as far as possibly the risk of mental or nervous 
overstrain, a few specfal points are worthy ^f note. 
First, a development department exists to relieve the 
rest of the factory of worry, and every care should 
therefore be taken that ordinary worries, *811011 as 
""chasing" materials and plant, are spared them. 
Secondly, "" rush jobs" should be given to them as 
sparingly as possible, for, although an investigator can 
generally rise to an occasion, the process of obtaining 
inspirations to order may be a very ex!iausting one, 
especially if he is already fatigued or is concentrating 
at the time on some other problem. Thirdly, his data 
should be accurate, and should, if possible, be first-hand, 
for these are apt to get sadly emaciated if they come to 
him verbally thi'ough an intermediary. Finally, due 
appreciation should be accorded to the work when it is 
done. One of the greatest incentives to an investigator 
is the feeling that he is* about to effect a permanent 
improvement in t*he performance, manufacture or cost 
of some product. If, after he has solved sdnae prob¬ 
lem that has been set him, he sees ’the I'esults of his 
efforts pigeorf-lioled or otherwise neglectj^d, this incentive 
is apt''to weaken considerably. 

With''regard to junio:g^, iiiere are i?wo types wh»^ do 
not require the educational qualifications* tljat have 
been specified. The first of these belongs •to* a cla%^ 
of man who is not ambitious of rising to the top, and -is 
content to go on performing the same duties almost 
indefinitely." It cannot be denied that such men are 
useful, as they can be put in charge of some arpecffi-c 
branch of testing or other work and can be relied upon 
to continue doing this without further tonible ^fter 
their original instruction. The author's preference, 
however, is to feel that every- subordinate is endeavour¬ 
ing to improve himself, even if it means occasional: 
temporary inconvenience through staff chaiiges. ^This- 
policy would, appear to accord better with the nature 
of the whole department. The other type is the 
improver, who spends a period in the laboratory to 
complete his experience prior to going oiTt to represent 
liis firm in the capacity of branch engineer or salesman. 
He will already have had a secondary education, and' 
should have followed this up by at least an evening 
course at a technical school. These men also have their 
us.es as assistants in the test rooms, or in other respects, 
if they are conscientious ; bui* if they regard themselves, 
as passengers who do not need to "' make good," they 
are worsej than useless and should be rejected when 
these signs develop. • * 

The model-makers should be careful mechanics of tte 
tool-room variety, selected for accuracy and keenness. 
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rather timu tor raj.i.iity. Uatlar m-iv (l.ai. ll.e usual 
intellineiice is iiei:Css:ir\'. as they "ill he le.iiure.l tu 
work "from <;<.tit!iiually t Imitftiuii <lr;uvui!;s. many of 
wiiich will not hi' fully ilelailei#. * 

* VM 11 . • I‘»i-ANi» hvM i I'M I-N r. • 

Tliere is-no rnuKl \n flfvnte iiuuli spai t? tu rlitt rniJisHnu 
of biiiklioj*s, as part ttl tiuf i t luis luvn veiy 
fully treatt*«l in a i»af^rr hy Mr. A. I*. M, 

The builclityij wit IT hit'll tiu* anlht*i familial 

ft;, a matler <if fack suiimwiial mu (lie liiu*s of lot:. U 
in* that but with ji sI^nuAvhat irn^atiT Uofu* aiva. 

Ill order, however, to iuchuit^ die t»t smalt tirius 

who nia); not he in a poHition to rrei l separatr ineniisoN 
a,t the ciutset, but \vh<» ueviulheless have unu h to i^aiii 
from tedinicnl rcsoanli, a few additirmal ivuiarks ant 
given especially to o»vev tlieir mtuin^mriils. 

The most serious luistakc that can he made whim a 
research departmufit is heiug institiiti'd, and when its 
site and ec|uipnHi!nt are uiuler cousiileratiou, is to adopt 
as a guiding principle that the proposed new si‘rtioii 
will not prudlice output, and that it must tlimefore 
take second place to any part of the fac-toiy that cloes. 
It is most advisalile that the leudeney to Tuake this 
assumption l>e carefully boriii* in iniucl, esjiecially 
when the site and tujuipinent are l»ciiig di’cided, and 
when there is a pfissibility <d’ the new liepavlmeut 
being sorunisly handicapped Irom the start liy uiu-uiitahle 
selection pn these respects. ♦ 

It must he jiiatle cUsir frAin the outset that the 
development statf^are gt.ung to t^xercifte a great lieiieli* 
cial e0'e€:t* upon production, and that anything wlach 
inipedosUlieirVork is going to itnpede out pul. iMii ihcr- 
more, they are a^nui to inpinive the tpialitf of itut work 
done in tin; factory, and anything that iiitcrferi% with 
the^'excejlence of* tlieir wo**k similarly effect the 
products^ of* the sliops. An infiirior lathe ui the main 
'machine*shop will hamlu ap the work id fUie operator: 
bnt one such maduiic in the <levelo|jineiii .simp will 
risk the spoiling of the design of every avtii le made t»n 
tjwi basis of every model for wliiidi the lathe is used, 

TheP principal re<piireinent ;is to ml».? is abseiure of 
noise, especially spasmodic noise such sis is eausetl hy 
the tSpping of castings. If this were io hiippen within 
close earshot of a inau engaged in ccfucenitatetl thmight 
upon some intricate proldefn, the enitsinpiettct* would 
not only to break the thnuid of his thongliis erimpkdely, 
bnt io administer a shock to his nervous system which, 
updii^ reiteration, would produce sftrious (i»onstH{ueiicas. 

A further point bearing upon the ipiesiiou of inmfort, 
when use is to be made of an existing room, is the 
necessity for "adequate heating, tt frcqut'ntly oc»:urs 
that one of the stall will spend long piu iods in coiiiplettt 
* bodily itfaction, and his ofttce tlutn needs thi^ highest 
standai'd amount of heating, In the tfvent of a store 
or workroom being converted, ttiis should lx* taken into 
account, as a low’er degree of heating is appriipriate 
for both of these. ♦ 

The author desires to endorse the* stress laid by Mr, 
Fleming uR^^n the avoidance of vibraikm for the testing 
and experimental section. Many pieevH #>i apparaluH 

p ^ Wotk^ Kotiffiirdi Orgiiiiwaiitm/’ v«»I. &?, 


I such as rcvcr.sc cul“i»ul.s, fuses and relays, quite 

I dilfereui re^allts aceurdiug to whether tlu y are shaken 
or not, I'ur e.xample, a lead fuse passes through a pasty 
stage as the etUTeul ihiinigh 4 is iiiereasi'd, and vil»ra 
tiou will bring about meclumiial rujiture, causing the 
einuit In opi'U at; a much lower i urrmit than would be 
(he easr* if the wire wen* still. The diet i on 4|elie,yi' 
iuslrutneiils lias fut^i dealt with by Mr. f leiuiiig, luit 
Ins recouuneudalion of feineconcrete Ibr a lalMuatoiy, 
buikliiig is not strciUgly supportcil l»y the presi 
author, on account of the coumderable tran.snhssiou 
of sound tlirough Jhis material. Tor this reason, 
brick cousl ruction is to b»? prefern*d. * 

Willi regard (o equipment, the iiivi lvetl 

in ilevelopuient will indicate what i.s required, rhese 
may he classeil in ehrnnologiral order as st udv a^fd 
design, mode! making, ami tesling. 

For the tirst are recjuirefl oftices with drawing I’quip- 
meiit, reailiug and writing rooms h*r jutuors, and a 
Ulirary proviiled with an imlex of literature and 
information, 

*rhe moiU^bmaking slnqt does not t all for much special 
coiniumd. Its lay-o\it resemldes that of a tool romn, 
with a lengthwise strip devuteii to machine tools. 
Vibration ami noise are minimized, amt i:leanlim*ss 
and couveiiiemre im:i(?used, by adopting tmUvidvial 
electric drive for the wmjhiue.s. Provision should be 
made for wood-working, as it will be neeessary to 
represent in hardwood the porcelain parts of trial 
de.sigus for the models. 

Most of the care ami foretluuight will lw» expended 
on the testing labovatorir'S, ami these will vary ac< online 
to the nature i»f the industry. A description of soun^ 
apparatus designed by the author for u.sit in switchgear 
development is given in Appeitdix I, together with 
the machine tools required for this purpose. 

IX, Jhuanuttntt: in 

tSpeaking quite generally, tin? method to Iw* mriployed 
for <*vohdng a new prodm:t for manufnet itre in the 
Hlwipseomprise.sstudy, eonsideratioii. .sketchingor other¬ 
wise indicating the l 4 ^stdlanl dtfsign, making (lie model 
umarling to this or to fuller drawings that may lie 
arivisable, and teHting the model j folhnved by mriilihea- 
tinn of the design urn! re4estiiig as required, until the 
de.sired re.sult is obtained. ^ • 

No invariable course as to the itxact to be 

falknved in the developumut of eveiy model can, 
however, be prescribtal, as tltis will vary not cudy 
according to the nature of the development, but also 
according to the pinsonal equation of the invj^stigator. 
For tixantplc, turn* might lie leiupterl to preseitbe st udy 
or search for information of a pariii iilar kind before 
engaging in any practical work. Yet if iiuiy^lmppen 
that the preUntinary carrying out of a lest mtoii tin 
existing or a .simply constnutted model may rviidcr 
sulxicqueut study easier and more j>rofitable. owing to 
the ability thus conferred of visualizing (be apparatus 
anti its behaviour, and also owing to the expOTence 
so gained in the pratdical working of the princixde 
involved. 

One very important rule may. liowever, la? laid down 
for general oliservatiott, nii% is a corollary* to the 



pnnciple, aiready enunciated, of analysing a problem 
into Its constituent parts and attacking these separately; 
and enjoins a policy of breaking up a course of develop- 
meirt into a series of ste^, eadi representing a difficulty 
to be overcome, and of performing them seriatim. It 
IS a great mistake to expect a model to demonstrate too 
n^ch at any one stage, and, except for the simplest pieces 
of work, the surest and, in the end, foe quickest progress 
,is made bf^ coMtmcting a series of models, each achiev- 
mg some definite result and overcoming some difficulty 
of d^gn. In .som^ cases entirely distinct models 
may be required for each stage, and these may be pre¬ 
served as a record of the procedure at its completion. 
In other c^ipes same model may be modified after 
each test or trial. In others it may be preferable to 
us^ two actual models, which are modified alternately, 
m order that each alteration may be evaluated by a 
toect comparison of the apparatus before and after 
this has been effected. 

At first sight the above may sound over-elaborate 
and may appear to threaten undue consumption of time 
and expense, but this is far from being the case, as may be 
exemphfied by considering the initial step of the series. 
Ihe first experimental information required concerning 
a proposal is whether it is practicable or even workable, 
and the first model should, in general, be made up to 
demonstrate this. An examination by the various 
pames concerned may then reveal some fundamental 
faihng that renders further steps unnecessary, and the 
whole matter can be dropped before any great amount 
01 time and expense has been devoted to it. 

For these reasons, no time should be lost and no 
unnecessary trouble should be taken in getting out 
fois model, whichneed be neither durable nor attractive 
m apparance. To secure ease of construction, brass 
i^y be ped instead of steel or cast iron, and wood 
instpd of pOTcelam or other insulation, while soldered 
join s may be employed to obviate screwing, riveting 
OT cottenng • Such a mode!is easily modified as regards 
defoils, mch as the exact size, shape or position of the 
parts* It IS also just as good as a more elaborate one 
for demonstrating the worth of the original proposal. 


Then, and not until then, should work proceed on the 
next model. « 

As an instance of such a type of-development, the 
conv^ion to electftcal operation of. a belt-driven 
machine tool, such as a radial drill, may be described. 
For fo# first model, the machine tool, mo&r, and 
rheostat would each bb obtained separately. The 
motor would be located where it could be easily fixed 
e.g. on the floor, while the starter 5r6ght be screwed 
on to the wall, or the column of •the mgriiinfl or 
momted on a pUlar fixed to the*ffoor. In this form- 
prehmmary tests, such foose* upon the power, 
reqimements, costs of running, speed control, upkeep 
of the motor, etc., could fie made. ^ 

It would next be realized that the machine itself had 
imt yet derived any advantages from the use of elec- 
map, being fitted with a number of complications due 
to me e:apncies of belt-driving upon a pulley at a 
feed position and running at a corwt{int speed in one 
ffireetton. On the other hand, an extra compUcation 
had been added, in the shape of a starter placed in an 
inconvenient situation, i.e. away from the other 
operatmg levers, and also requiring more careful treat- 
meffi than they do. In addition, the installation of 
men a ^oup IS by no means simple, in that locations 
haw had to be found for three separate appliances. 

model, therefore, the three components 
will p combined into a single unified apparatus, which 
can be set up anywhere witlim reach of the electric 
supply and requires onlyabout four fixing bolfs and no 
intp-winng to ascomplish its instaUatlon. First the 
motor will be mounted on the machAe so as to be’ in a 
positojn to drive the actual drill spindle as directly as 
possiblp thns dispensing with all, or nearly aU. the 
usual feelte, connecting shafts, mitre wheels and dther 
geanng* Secondly, the c 4 )ntrol apparatus will be 
mounted m an appropriate position upon the Jnachme 
and endowed with the requisite automatic fe^ures to' 
enable it to start and reverse the motor without requir¬ 
ing more careful treatment for the control handle than 
IS accorded to the other handles of the machine. The 
handle wiU be so situated as to be convenient «to iSie 


amd for serving ^a basis for the confident production hand of toe situated as to be convenient «to iSie 
of a more definite and finished desim These noints leverc t psrator. i.e. among the other operating 

typical examples. 

One of the simplest examples of development work 


IS the ele^cal operation of some process or apparatus 
toat has hitherto been actuated by some other means. 
In such a case toe first model would, in general, consist 
of the ongmal plant, to which toe electrical element 
has been added. After this model has shown that the 
project m worth proceeding with, the problem would 
be carefaUy Kiconsidered from two opposite points of 

reason for the various 
features of the ongmal design would be analysed in 

^ require or admit of 
modification when electric , operation is applied. In 
the second place, the advantages that can be conferred 
by the latter must be checked off. in order that the new 
desi^ nmy be sueffi as to utilize these to the full; while 
Its dis^vantages must also be realized, to ensure 
that they are providq^ against in the new design. 


speed geanng will be dispensed with as possible, by 
utihzmg rheostatic or other electrical speed control, 
due regard bemg to toe necessity or otherwise of 
using the same design of machine interchangeably for 
alt^ating and direct currents. Lastly, the compiete 
design -will be scanned with a view to simplifying and 
unitymg the combined machine as far as possible 
espeaally -with regard to its mechanical* details. Bor 
example, it may be found possible to utilize toe motor 
as a counterweight to the radial arm and driH-head. ■ 
^ An iUustmtion of a radial driller that has undergone 
to of development is given in Appendix 2 (see 

he seen that this pipcess is analogous to the 
hfebistory of practically any fully devdoped apparatus 
Mfo ^ the electoic tramcar or the steam locomotive’ 
The first electric taams were simply horse* cars with 
motors Md controUers attached to them .' and the early 

I- loconjotive models were merely statibnary engines bri 
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wheels that were geared or otherwise connected to the 
driving shaft. Tbase old patterns were the first rough 
models that afforded data for the more perfect types 
that followed them. • • 

The production of an entirelv new design differs 
from th^ above* only in that the starting point is not 
provided and has to h9 decidecPupon before any positive 
progress can be made. This firat step is the most diffi¬ 
cult to describe, sirfce ttie personality and the originality 
of the designer a large part at this stage of the 
proceedings. Sometftnes it is possible to evolve a 
design entirely origiSal iij e\%y resipect, while sometimes 
an idea may be obtained!^from some existing apparatus, 
belonging perhaps to a totally drffSrent branch of engineer- 
ing. At other times it is helpful to know how other 
designers have solved the sapae problem. The author’s 
opinion is that the latter assistance should not be 
invoked except as a last resource, for the imagination 
is at. its best it has a blank page to draw upon. 

As has already been intimated, however, this part of the 
problem cannot be done according to rule but must be 
left to the genius of the individual worker. 

In this connection a distinction should be drawn 
between the study of another worker's solution to a 
specific problem in hand, and the stu.dy of works, 
apparatus and designs, as a part of an investiga¬ 
tors general training.- The latter is in every way 
excellent in inculcating resourcefulness and a knowledge 
of designing methods, while the fowner is a not very 
sporting short cut that may actually prevent an 
original solutioif from being reached.# 

example *of complete development ah initio, 
suppose-tliat* a firm which has hitherto not made 
contactor gear decides to do so. A member# of the 
department who has had the most suitable previous 
^penen^ is pub in charge of the work and* settles 
down to \h» problem of producing as original a design 
possible, for the most fundamental species of con¬ 
tactor. When he has arrived at one that he considers 
to be worth maldng up, simple working drawings are 
qmckly got out from his rough sketches and to his 

passed on to the model- 
makrng shop where, under his supervision, they are put 
into concrete shape yrith as little delay as possible. 

a ^ stage probably bears only 

^ resemblance to^he final design, as it must 
oe made up as far as possible withouf requiring castings 
passed into the test room of the 

2 is ?®^?™^snce isinvestigated as fully 

^ s IS practicable. It is given a rough preUminarv test 

is functions as desired and^at it 

performance is then 
^fi connecting coil ampere- 

and puU-m distance, ampere-turns and spriim 

^i^bon axe reported and corrected either bv 

of new“ol2® Thf"^ construction 

test capabUities as represented by the 

sSdSrvS with.eiXtSg 

and S'tn?? 4? of existing apparatus. 

«a«ua witn the duty required. When tTii* 


• • 

Here full working drawings for the iinal nuiilcj ate 
got out. in conformance with the data tlin.s supplifd, 
the design being now ospedially nduptecl In tlu^ inaiiii 
facturing practice in vogue ir%the particular slu>p.s tt* 
which the department is attached. 'J'he intciUioii jji 
that tlie finislied product shall be made in tlu* I'arlui v 
from these drawings, but, before this, one inntlel is niitii^e 
from them in the dSvelopmciit \v'orkshoi> to check tin* 
correctness of the design, l^iis model is given a final • 
test, a set of coils is got out for it to suit (he various 
voltages at which it is to work, and these are, if «ec«-.s.siii y.* 
given heating and working tests. 

Tlie same process is then carried out with regarti 
to die master controller, relays and iii^ftlock* that go to 
make up contactor installations. Ifinally. a <oiii|ilfle 
set is assembled and connectetl to a siiitably loaded 
motor, representing the most exacting dutv tluit tlu- 
apparatus will have to fulfil, and tliis installation is 
given an endurance test under wanking condilion.s. 
Again, any' defects that manifest theinselvi's are made 
gwd, and the tests arc repeated until complete salisfai - 
tion is given, in wliicli case the developmeiil of (his 
pmticidar model is complete and the .shojw and ilraw ing 
office arc notified that mannfactiire niav go forward. 

This procedure is rej)re8enta(:ive ' of the most 
usual W'ork of such a department, namely •the com¬ 
plete development of a product, and it also'siimrienllv 
ill^ti-ates the development of a new jiarl in an 
existing apparatus, or tlie mere iinproienuuit id' the 
latter. In a certain proportion of cases, howi^vcr. 
the design for a new article is evolved in the thawing 
office, and thus full working drawings are .supplied 
to the development staff. -Jlie latter ].ortit.a nl I In- 
process just described, con.sistiiig of makimj up (he 
model, testing it, amending the design, aiul re-testing 
« then gone tlirouglt. unless the last two steps are fimmi 
to be unneco!5sary. .The drawings are then fetnnied to 
the drawmg office, together with the moth-I and a n iK.i t 
detaihng the tests and nuKlitications that have fieen 
made, as well as comments and sugge.stioiis. 


X. ReCORUING AND (H-- Rksi.O.TS. 

In order that conclusions that have bec-ri reached or 
information that has been evolved as the r.-snll of 
research work may be jneserved ami distiil.iitrd to 
those interested m the parti^mlar sulijects disdt with 
an organmed system of recording residts i.s c.ss.-nlial.' 
It should be so aiTanged that the whole of the results 
record, in sndi a form that refermn e may be 
quickly and conveniently made to them In- idl who 
require to do so, without the possibility of aiiibiguitv 

or msunderstancUiig as to any detail. 

The most valuable information i.s usiiallv that 
denyed from atest. as it involves the expohdil n- of - 
greatest amount of time, trouble and exp,.nle in its 
acquisitaon. A large proportion of tests are made unon 
supplied or lent for the purpL. 
and these cannot be duplicated without con.Hiderable 
trouble and delay. Many others involve the d,«itrur- 
It ‘^«stly apparatus or matiri d 
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tioaa is adequately cared for from the receipt of the 
inquiry to -^e completion of the final report upon the 
investigation. 

There is a temptation^evident in test rooms to enter 
fibres and details relating to investigations upon loose 
sheets of paper, tlie after career of which is, to say the 
le^t, precarious. A better method is to record the 
data in noto-books which are ca^fully retained, but 
^even thes8 form in the course of time effective hiding 
places, for the information entered therein. Some 
'special scheme is therefore desirable. 

The system employed by the author makes use of a 
small number of loose-leaf binders, in which blank 
sheets are ,„clippqd in readiness for an investigation. 
When one of the latter is begun, a binder is allotted to. 
it^ in which are inserted concise instructions, together • 
with any correspondence or other data bearing upon the 
naatter. Full notes, test figures and other relevant 
details are then entered upon the blank pages, as they 
are anived at. This entails that every detail of the 
apparatus, conditions and circumstances that inay be of 
importance in, say, 10 or 60 years’ time, must be 
included. No reliance must be placed on the memory 
of any participant, but every fact must be recorded on 
the assumption that it will be forgotten as soon as the 
piece of ^ork is completed. 

After a final result has been reached, and also, if 
desirable, at intermediate stages, an ofScial report is 
compiled from these notes. Such reports serve the double 
purpose of placing the proceedings upon permanent 
record, and of acquainting any number of interested 
persons with what has been done. It should therefore be 
dictated to a stenographer, who can type any desired 
number of copies. The original notes are then removed 
from the binder and clipped into a folder, which is clearly j 
labelled with the serial number of the report and a | 
title briefly describing the nature of the investigation. ; 
This can now be flled away iln a suitable cupboard. 
One or more copies of the reports will also be filed in 
the office of their compiler. 

At first sight it may be thought that the notes and the 
reports contain the same matter, and that therefore it 
is not necessary to file both versipns. This is not the 
case, however, as for sever^ reasons the reports will 
not form an entirely sufficient record. First, the 
reports,* being intended for frequent use by a number 
of busy men, must be made concise and readable. * If 
they were only to be kept by those concerned in the 
investigation for reference purposes, they might then 
contain full details of all proceedings, such as the 
complete particulars ks to tests made, and a fhll set of 
the readfiigs taken during such tests. But sinqp miahy 
of those who read them, are interested chiefly in the 
results and rcpquire these to be in as lucid graphic 
a fonn as possible, only the significant portions are 
included^ This yuH ne^^ be siiificient in the 

great majority of inquiries. Secondly, a proportion of 
the proceedings are not worth placing officially on 
record. It is usually the case, for example, with all 
but the simplest tests, that one or more trial experiments 
axe made before useful results are obtained. 'IHiese 
serve, to indicate definitely the precautions that have 
to be taken, and any refinements that have to be 


effected ip the proposed method and aJpparatus. 
Results of a kind are obtained and th*ese should certainly 
be kept, but they are not worth circulating. Thirdly, 
there is always the ^o&ibility that some part of the 
result may seem unimportant when a report is compiled, 
and heftce may be omitted, but it m9,y subsequently 
become significant, or *a recoded result may be 
challenged and ma^^ •require verification. from the 
original notes. • 

Since the original notes must theij^^ore be preserved, 
a test report should contain onl^ a brief* description 
as to the method employefl., ^nd a comparatively full 
description of the results, omitting, however, tables 
or figures whenever these can be satisfactorily^replaced 
by curves. The conclusions drawn from the test 
should be given in detail, together with comments and 
recommendations. Tlie matter should be preceded by 
an introduction giving the reason for the investigation 
and referring to any circumstance whfch has led up to it, 
and by a sufficiently detailed description of the appara¬ 
tus, component or material experimented upon. It is 
an advantage to add to tire front of the‘report a page 
upon %vluch is a very short summary of the introduction 
and conclusion. Tins only may be supplied to those 
who are less intimately concerned with the matter, for 
their complete file, in order that .they may be acquainted 
with the bare results and may be able to ask for the 
whole report if they desire it. It also serves to inform 
a searcher as to 1iie contents of the report,, and will 
thus frequently save useless perusal of the report itself. 

’While these reports should be concise, they should 
not be so abbreviated as to form a one-sidTed recprd. 
There is so much more temptation to dHaTte upon those 
results winch are ** according to plan,’,!^' that the impor¬ 
tance f)f others indicating failure or disappointment is 
often oterlooked. It shjul^ hb remembered that ^erh 
are two limits to every phenomenon, the uppe^ and the 
lower> and it is just as necessary to know thesoiie as the' 
other. It is therefore necessary to place on record both 
what cannot be done as wdl as what can be done, and 
a failure may, in consequence, be of even greater 
importance than a success. > 

Xi. Indexes OF Lixerature AND iNFORMAtifljN. 

An important requisite fpr a research department 
is a means to enable an iifquirer to ascertain quickly 
what information fs available upon any d^ired subject 
in current literature, and where such inforijiation^is to 
be found. Xhis is aclneved by the md pf one of thensan 
types of index, The author proposes to desjcribe two 
of these, both of which were especially designed for 
I aiding electrical research work • in •the 

amount of labour required in their formation, and in 
the amount of assistance they afford to the fiiqijirer. The*^ 
first is most appropriate for a comparatively small 
staff, and the second for a larger; one. 

The simpler scheme was designed six years ago by 
the author for his own department, and h^ ^ce 
continued in use without alteration.^ lu this case the 
has been to indicate the nature, extent and where¬ 
abouts of all information relative to switchgear, contained 
in the books and periodicals actuaHy accesabfe 
building. All but 6 per c^t of 
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can be performed by a junior, or even an intelligent 
office boy. Each (ftitry consists of a single line on a 
specially designed index card. No attempt is made, 
beyond about six words by wsjjr 8f title, to reproduce 


card are used, " tJiird-cntfor f lic inoiii subjft hi 
and sixth-cut " for tlie .sulHlivisions. 

A specimen of these cartfs, the diineusions of wlndi 
are 6 in. by 4 in., is shown in 'pilile 2. 1 he maimer in 


• Table 1. 

Specimen of Card for Simpler Index of Lilvralnre. 


Subject : Res^rch 
rHjBLiCATiON: Journal tE.E. 


Ko. 


Date 

• 

Vol. 

Page 

Apr. T3 

60 

306 

Apr. T6 

53 

799 

Dec. '16 

66 

37 

Feb. ’19 

67 • 

263 

Oct. '20 

67(s) 

134 


• * * 



Matter or Title 


Aims, &c., Internat. Electrotech. Comm. 
Plea for Sc. and Tech. Commsrs, 

R. and huture Sources of Energy 
Planning a Works R. organn. 

Coordn. of R. in works & labs. 


any portion of the text, but the aid of tabulation has 
been invoked to record compactly the value as well 
as the location of tlie abstract. 

An example of the cards employed is given in Table 1. 
There are seven columns on each, of which the widest 
is for the, title of the article, or, if -tfhis is not sufficient 
for identification, the matter is* indicated in five or si.x 
words, the dimensijpns of the cards bdng 5 in. by 3 iu. 

three columns enable the precise volume or 
number to be selected and tire page to be found, wlule the 
date, and the last three columns indicate The ift-obable 
usefulness of the extract. . It will be observed tlfiit the 
latter ne^d not hTive been ipr^iously read. * 

•• segdrd to classification, a list of subjects to be 

ladexed was first got out, and a guide-card set apart 
for ^ch. Distinguishing symbols of one, two or 
occasionally three, letters were allotted to tiiese and 
^al:^abetical arrangement of the symbols determined 
ae otOer of the subjects in the index. For example, 
K denotes switchboards generally, " BD " distribu¬ 
tion boards, “ BT’’ truck-type switchboards, '* F " 

ca^idge fuses, " R ’* research, 
RH rheostats, RL /clays, and so on. 

Extracts from one publication only are entered on 
hn+»T “I'^enient not only for reference, 

w ^ the wk of compilation. The latter is 
best done from tiie complete volume. A iunior cogs 
carefully through the volume index, observing tiie refer- 
enC^ to the subjects on the prepared Itet.^ He finds 

mt^b^J S handed to a seS^ior 

is°caSed ou?Srthe jn^r.‘'°“®' 

^ summary 
V f eptr}^ and two of guide^ 


I'j.. 


• ' • fr 

20 

0 

9*honipsoii • 

3 

i 

l>iH»>y 

4 

0 

Uoberl Still 

39 

26 

Ihiniug 

23 

t) 

<’onNliUiliiie 

.« 

• • 


Icft-haiul top cnriier an* set 


TAm.K 2, 

Specimen of Index Card ConUtinhtf* PrtkL% 
M (liter. 


of Subjeet 


Ridule, |\ li. 


Dielectrics— Porcelain. 

Thermal props. 

Composifcimi, effect of. 

Thermal expansivity'. 

Chein. Abs. Vol. 14. 1. pp, lofj, jpgp 

J.Am,Ccram.SiK!. 2 804-1*1 (l»15)).cf.C.A.i:j ,'12118. 

Bodies high in clay show low thermal ('xpan.sioii, 
.and variations in flint for .such bislifjs show no 
eci^d effect. As the clay content is hnmed 
tod the amount of cpiartz ii)<rca.seH. its (Mtiinli- 
tativo effect becomes more markcil. R'.:i.lacc 
quartz by inert material lowers the extsuisivitv, 
Calcined kaolin may lie e(T(jcl.ive £is*siHinrauit«* 
or other synthetic silicii1.<»i. -jUg 


wi extracts. sncIi as 

too uivoked. These will, iti Keneral, Ik, 

S worl “ theP‘-es«''tp<irpo.se. and not more than the 

Sntod by tlie indexer and are 

the card by a typi.st. The practice, at 
Wembley is to put each subject in the hands c.f u tnendier 


out will first bo notocl. 
which the fix\st j.s the hoiiding on a juiiiu gtide-aird, 
and the second that fm a '* .sixtli'Ciit ** guide. J he 
remaining lines arc inien<led to am|dify the iiidii aiioii 
already given as to the (Xmteiits. 

hurthor ampHiicalion is aitordeti by* tin- piVrirk^^ 
occupying the lower Jialf of tin* card, whicii may contain 
np to 80 words. It may b<; compiled from tlu^ acltial 
article or other extract while this is being read, but in 
the majority^ of eastrs there will not be limit in dn this, 
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of the staff, who is responsible for keeping the index up 
to date in this particular respect. 

The o^er entries on thft card give the author or 
authors in the top rig]jt-hand comer, the references 
to. the volume of abstracts from which the pr 6 cis is 
compiled, and the reference to the original publication 
captaining the extract. 

Besides^ the subject index as described above, a 

• duplicate set of cards is also hied according to the 
^authors, as a search for information is frequently most 
easily carried out by inferring to a list of publications by 
certain writers who are specialists inj:he subject of interest, 

•In addition to current literature, information from 
any other ^ourci^may be filed in this manner. Test- 
results, patents, verbal criticisms or interviews, contents 
04 letters, and other matter may be inscribed directlj^ 
upon the cards, if the length be not too great. Other¬ 
wise the file in which it is given at length is indicated. 

Card indexes are also invaluable for keeping a record 
of work done, by the allocation of a card to each problem 
and the noting of each step thereon. Ideas may also 
be jotted down on index cards as they occur, and filed 
for future use. Test-results may be tabulated on a 
small set of cards. The progress of patents taken out 
by. the department, business addresses, serial numbers 
of report^ and lists of patterns, drawings and diagrams 
are other examples of the many uses of a card index 
. in a research department. 

XII, Industrial Research Organizations. 

Industrial researcli is carried on by a few private 
individuals, by linns of consultants, ‘by universities and 
colleges, by manufacturing firms and by research associa¬ 
tions. In view of the interesting and substantial 
improvement that has taken place in the research situa¬ 
tion during recent years, a very brief reference will now 
be. made to these vanous spheres of activity, 

_ Owing to the ch^ge in industrial conditions referred 
to in the introduction, the private worker is at a greater 
disadvantage to-day than fonnerly, unless he is possessed 
of independent means or confines himself cliiefiy to 
plulosopliic research. Not only are the difiiculties 
a^nding tests and experiment much greater than in 
the early days, but the advances in the various applied 
sciences are more rapid and it is not easy to maintain 
touch vrith these unless Jhe worker is attached to a 
^ or other association. When a private experimen- 
tahst has developed a useful design, the further dfflcultv 
occurs of selling the results of liis work or otherwise 
secui^g its adoption, in practice, since firms which 
mamt^^ their own research departments naturally 
expect toem to produce as many of their new modek 
as pos^le. Individual members of the staffs of electric 
poiyer CBmpadies or departments, and similar organiza- 

apparatus, the patent rights 
of which firms are glad to purchase. These workers are 
m an especiahy favourable position in this respect. 
Otoer pnvate mventors will probably find their cases pro- 

* VI-by the associations 
establish^ mider the agis of the Government, con- 
cemmg which more detailed reference wiU be made below 

It IS strongly maintained by some authorities that 
umversities and coUegeg should not engage in any but 


purely pli^osophic research, since the prosecution of 
the latter is most essential and academic institutions 
are the proper places for this. If they are tempted 
to take up industriar r^earch, university investigators 
will be attracted from their legitimate field by the 
greater emoluments that are expected •to be Available 
for utilitarian work, to •the grave detriment of pure 
research. It is also considered tliat a teaching institu¬ 
tion may not be sufficiently iif toucli witli practical 
conditions to do such work effectiveljf. 

While the above opinion shofild not be entiyelr 
disregarded, there is no dfif{ibt.thal a certain* amount 
of industrial research c^ and should be performed 
at such institutions. /There are many reasons for this, 
of which the most direct is derived from the Valuable 
industrial investigations that have already been carried 
out at many of our colleges and universities. ‘’It should 
be the aim of every one of these to foster a spirit of 
research in its students, and tliis is.most effectively 
done, in an applied science department, by instituting 
researches in applied science. Perhaps the strongest 
reason of all is the great need for a closer degree of 
contact between the universities and the industries, 
for the advantage of all concerned. This is attained 
by any tiling that brings them together in the mutual 
endeavour to solve some pressing problem.* 

The author has come into personal contact with the 
work now being carried out at Sheffield University in 
the furtiiCTimce of Miese various aims. Special members 

appointed to direct'research 
^d do not hava to undertake any rSutine teaching. 
The authorities are also willing to provide tlitf necessary 
faahtiM and staff for the performance of ktiy industrial 
^earch tha* may be desirably. The v^ork of the Fuel 
Technslogy and Mining Departments upon the safety 
of electMcal ironclad app^ar^us from intemal explosions 
may here be mentioned with appreciation. • In anotlier 
research undertaken in conjunction with the electrical' 
indusfry it was found possible to secure to an important 
extent the assistance of the city electricity department. 

uc a comprehensive degree of co-operation cannot 
but excite the greatest satisfaction among those interest 
m ele^cal engineering development. 

A similar type of co-operation, between the Physics 
Depa^ent of Canterbury Univer^ College, N.Z., 
u j Department of the Lake Coleridge 

Hydro-electnc Sysfem, was responsible for the solution 

difficult in connection,with 
66 000 -volt transmission line insulators.! • • 

Prior to the war, organized research was carri^ out 
by comp^atively few firms in this country, although the 
bmefiaal r^ult of them enterprise has lOng since been 
evident. ^The preq^inent position of the British 
cutlery trade woiul<rscarcely have been possible, for ' 
ex^ple, jnthput the research work of Hadfield and 
oth^. More recently, the vital need of developing 
qmcUy our own products in many branches of industry 
hailed to the wide establishnjent of snbh departments 
further instances of which heed not be quoted. 

Colleges,”^^^^S°^' Engineering 

voi. 85 (2), g. 805. ^ ^ Antma^n Impute of ElectncAl Engineers, 1016, 


Engineers, 1922, yol. 41, p. 71L ^nusnean Ins^ttule of Eledrtcal 
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Many if not most, items of industrial research 
e such as to Ijenefit every firm engaged in a given 
ass of manufacture, and would jjpe most economically 
earned out by co-operative sfssociations serving the 
needs oj whole industries. The provision of these 
through the good offices of. the Committee‘of the 
nvy Council for Scientific and Industrial Research 
wnstitut^ oneo4 j^ie most welc’ome items of industrial 
^tory that has been enacted within recent years. 
Formed shortly alter the outbreak of hostilities, the 
first ^nual report in the middle 
1916. In.April 1918 they«took over from tlie Royal 
aoaety the maintenance of, the National Physical 
laboratory, and witli it the responsibiUty for much of 
tlie research work in connection witli the war, a staff 
aen mmbering over 600 being engaged on such research, 
in ad<firion, they drew up a scheme whereby research 
^sociatxons were to be formed in the various industries, 
d tiiey stimulat&i the establishment of these. The 
result lias been the existence at the present day of a 
arge number of these organizations, actively engaged 

m work which-has already borne abundant fruit. 

y the middle of 1918 some 30 industries were in 
proceM of forming research associations, of which three, 
induc^ the British Scientific Instrument Researcli 
^ociation, had already been licensed by the Board of 
trade. The British Electrical and Allied Industries 
search Association began operations shortly after this 
date, under the direction of Mr. E. B. Wedmore.* In addi¬ 
tion, specific resemches, e.g.thosbin fuel, mine rescue, tin 
and tungsten, timbpr, building materials, and industrial 
fatigue, were instituted and placed in the hands of 
Special research bdards. 

Besides acting, as an <»ganizing body, 1:he Council 
ftM ^en the medium for the subsidizing of reseat bv 
ae ^ve^ment. ‘The cost.of.the various resfearches 
tfi® industry and partly met by these 
si^idira. ^or example, the investigation concerning 
the production of tin and tungsten in Cornwall was first 
conducted witt the aid of a grant from the Institution 
of.^nmg ^d Metallurgy. The Research Department 
also assisted with a grant, but when it was evident that 
work on a larger scale was justified and desirable, they 
made it a condition for the continuance of finandM 
as^tance that th^^ocality should take a more active 
part in the work. In a sh8rt space of time, subscrip¬ 
tions to the extent of over £2 600 were guaranteed bv the 
pnnc^al mme owners and landlords in Cornwall for a 
p^iM pf three years, whereupon a similar «imount was 
granted from the Government funds. 

Department, which has 
ei^ned unchanged since it was formulated in the 

of a responsible 

^irector tt) orgamze each group ^ researches, assisted 
y an ad^ory board of distinguished men of science. 

recognized that "research 
rr • 1 .^^® creative activity, will not 

nounsh under committee Tule.** 

^^^® ’^”®^ “'^y as rni introduction 

ta^e subject for those who have not hitherto come 
mto contact with these developments. Full particulare 


as to each year's progress may be obtained from the 
annual reporte, published about the end of August 
by H.M, Stationery Office. * These records of a move¬ 
ment that promises to be epiich-making in its scope 
and its results, are well worth perusal. 




XIII. Co-ordination. 

Pioneer work of any kind is exacting in iie require¬ 
ments as regards both talent and finance, and it is * 
therefore important that the fullest practicable co-. 
operation Should be maintained among those engaged 
in such work. The (Itganization for effecting this will, 
however, be very different from that, appropriate to 
routme occupations, for which the vafious ^larticipants 
have merely to be directed along weU-tried routes. 
For research, there are available no pilots familiar with 
me couree, and hence sailing orders of tlie most general 
description are alone possible. 

A scheme was proposed about four years ago in a 
paper* read before this Institution, whereby every 
research worker, whether in a public, university, or 
works laboratory, would work to the instructions of a 
controlling staff appointed by the Government, This 
staff would be partly centralized, and would ‘consist 
partly of tra,veiling inspectors whose principal functions, 
to put the matter quite bluntly, would be to decide for 
every research worker in Great Britain exactly what 
he should investigate, invent or discover, and to see that 
he did it. 

This scheme, in the opinion ot the present author, 
is merely the ordinary organizing system as employed 
m the Army or pubHc services, with the research workers 
inserted in the lower grades. It would certainly 
introduce an atmosphere that would stifle research, 
while any benefits which it might be able to offer would 
be forwarded by such ponderous machinery and by such 
devious routes that their arrival could not fail to be 
tardy. 

Between terrestrial and scientific exploration there is 
a close parallel that will assist, in indicating the nature 
of the co-ordina;tion required. The workers iii the 
former may be grouped under tlie three headings of 
explorers, pioneers and prospectors, closely correspond¬ 
ing to the three-fold division of research workers. 

The very word '' research " is merely search," with a 
frequentative or intensive prefix to denote thoroilghness. 

One notable example of terrestrial search, that for 
gold, has from the earliest times been carried out with 
all the energy and res'ources, scientific, executive and 
commercial, of which mankind has been capable. Yet 
no comprehensive organization has ever been found 
possible among the gold-seekers, whose methods have 
been characterized by individual freedom ^d enterprise, 
and whose driving force has simply been the quest itself. 

No difficulty is experienced in deducing the co¬ 
ordination needed in this case. It is that the results of 
all other * searches should be easily available to every 
worker, especially those in his own vicinity. Thus the 
gpreat requirement is a co-ordination of results, and this 
holds good whatever the object of the search may be. 

In the case of electrical research this need is being largely 


Research iu Works and 

A-aooraiones, jottrml I.EM , 1019, Supp. t(f vol, D7, p. Ui, 
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supplied by the work and publications of this Institu¬ 
tion, by sister societies at home and abroad, and by the 
technical Press. Science Abstracts forms one of the 
most efficient agencies in bringing about co-ordination 
iwjiong electrical research “workers, while the abridged 
specifications issued by the Patent Office, and other 
publications of n like nature,, assist still further. 
During t)ie* war the Governmenf ^wisely provided a 
' similar means of co-ordination for general use on the 
^ lines of Science Abstracts, by beginning the publication 
of the Technical Rei^iew. The valuable work done by 
the Electrical Research Assoaiation in compiling 
exhaustive precis of available information on various 
branches t>f electrical engineering has assisted co¬ 
operation in research in the most effective way possible. 

^ Any useful advance in co-ordination can be effected 
only by a development along the above lines. For 
example, a central inquiry bureau might be instituted, 
or a complete and comprehensive card-index might 
be worth publishing, either of which might render 
available any possible information. This information 
should include as far as possible a record of what has not 
been done, whether as a result of failure or of omission; 
and means might be found to stimulate efforts to 
remedy such deficiencies. Indeed, the latter is no new 
attit ude on the part of the Department of Research as far 
as well-known firms and even well-known individuals 
are concerned, but it is not yet accomplished generally. 
In the same manner, advantageous co-operation between 
individuals, firms, industries and countries, already 
brought about to a certain extent by the present organ¬ 
ization, will be capable of yielding enhanced results as 
the outcome of further thought and experience. The 
ptablishment of “ cross-connections between various 
industries is a function fraught with big possibilities. 

In particular, co-operation in research between 
different parts of the Empire will be especially prolific 
m results. The colonies have in the past accomplished 
notable successes in the development of industry, and 



are capable of further achievements in the fill lire. 
In some branches of industrial reseifrch, by far the most 
favourable fields foj work are in the Doiuinioii.s ; [or 
example, the applicatlbn of electricity to agrienhun* 
and non-ferrous metallurgy; the develojuiKMit of 
electro?henucal and other indii.stricfi reqiiinng \t‘rv 
large quantities of clieap eldctric power; hydrti 
electric generation; •and e.h.t.^ ^traiisinis,sioiL A 
greater interchange of researefi workers between IJu* 
Motherland and the Dominions ^tvould 3 a*eld nu^sl 
valuable results from all joints ?)f view. 

XIV. Conclusion. 

An endeavour has lieeii made in tJic paper to assist 
tlie carrying out of tlie more tecluiical varieiv of 
industrial research work usually known a.s " develup- 
meiit,'* for the benefit of the electrical engineering, 
industry. The line of demarcation between the f luict u »i is 
of the various kinds of ro.search workers is nut ahvaxs 
sharply defined, and it is not desirable that it should he 
so. Consequently, much of the Ircatmmit lias been made 
general, to cover a .somewhat wider .seope than that, 
included in development pure and simple. It is 
author^s confident hope that the increasing use ui 
research, especially when carried out in association with 
the manufacturing staff, will continually increastt i\w. 
successful application and the prosperity of oarindii.sti \*, 
and will raise it to a dominating po,sition among ilu» 
achievements of pither nations. 

The author would like to express his indel)tednes.s lo 
his assistant, F. R. Combes, B.E.; for Ids valuable 
help in preparing the illustratioas for publication. 

. . APPENDIX L\ ' 

Equipment for Switchgear 
A short outline of som^ items ofequipment ufili>!cd 
by the author in the development of switcii and control 
gear is appended. These are grouped under.the headipgs 
of testing outfit and model-making appliance.s. 
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The fiist requirement for testing is a suppjy of power 
for operating the •various pieces of apparatus under¬ 
going test. This* is effected by two motor-generator sets 
for direct current and altemafltn§ current respectively, 

.controlled by the switchboard shown in Fig. 1. There ... . ..v i ^lui d yyuirv- 

are onl]^ the tw® machines in the d.c. set,ithe g%nerator cooled pulley and rope brake in pfisition, suitablo fur 
giving a maximum of 10 volfe and 1 000 amperes, but forward and reverse robitinn and raj>id ailjiisiiitf*n1 rd 
the ax. set has ^o niotors wiiich may be connected load, Rolling-niill dfiutri)! is rc|m\srnUHl b\*a 40 b.p. rf e. 

in series or parallel, iif order to render available a wide '—* ^ '. i - ’ 

range of periodidtties from the alternator. The latter 
has both ends of it^ three-phase winding brought out, 
and these ip.ay be conngct& in star or delta. The a.c. 
set gives a normal maximum of 11 amperes at 600 
volts, but the current may *bS stepped up to 2 000 
^peres (single-phase) by a heavy current transformer, 
and the potential may also be raised to 50 OO’O or 100 000 
volts for* insulation testing by a potential transformer 
in a special enclosure (not illustrated). Ordinary d.c. 
loads are obtained direct from the suppty mains. 

In the board illustrated, the correct positions for ■ 
apparatus under test and for test appliances have been 


When apiece of control gear is to he tested, :rsniiabl\ 
loaded motor is JiecL‘.s.sarv. As far as ptissibb*. the 
author develops gear of t^ii.s descriidion [nr a .1 tj,p. 
motor, and two of tbesc, altiTyatiiig and <ljriH t t imeut 
respectively, are pernianenlly set uj), wjift a wafer- 


XV7C4iVl* l^olling-AiJiii n.:|itrii n\«a fi.e. 

series motor, and by an induction uiolnr oPalmut the. 
same capacity, the brake gear for bnth nf which is slum u 



■ ^5' for testing motor, with improved 

• . ^ dry water-co«linf arrangement. 

combing the bench with the'switchgear, 
dii^ evident from the end view, the former 

^^e upper panels supporting the meters, switches 

^ the ^controllmg hand-wheels, tliis portion beinir 
stepp^^ forward of the rest in such a way that the 

£Sir almost entirely under the 

oenm Itself. By «iese provisions everything is arranged 

SL?h”“'Kr'r‘"‘ crS 2 „TS^s^ 

floor by cables from the board to % separate bench is 
o^.ated, ^d with it the feature of the moS uSiS 

—.civrt 

»»ubl. pot™aonet» rh«^ate for 

transformer is at the heavy current 

addition to the t£fe ’'® 

directly to the do mn’ « tsrminals connected 
switch^ 5n?ledal *'T® ®^® double-pole 
in series -v^th one or both the rhains 

already on the bo^^ tija two largest rheostats 

to illuminate both the'hench and thj 



Fig. 3. 


-Section of piilk^y and walcr t*in ulufion uriain*f iin ni 
hhown in Jdg, * 
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possibili^ of splashing or leakage. About 2 quarts 
per minute are suf&dent to dissipate 40 h.p. without 
quite reaching boiling poinf. 

The smaller pulleys f(y the 5-h.p. motors are partly 
o^en on the outer side, the water being inserted at 
intervals by means of a filler and allowed to boil away, 
Tj^s simpler method is not safe for the larger pulleys, 
owing to the higher centrifugal pAssures which occur 
,in the water and cause suspended ebullition. 

One of the most frequent measurements that have to 
made is that of tke speed of break of oil and other 
circuit breakers, and the closing tgne-lag of electrically 
operated switches. This was at first effected by the 
method already ^described* by Dr. C. C. Garrard. 
Later, the more self-contained and portable apparatus 
sly>wn in Fig. 4 was made up, and has given complete 




Fig. 5. —^Pressure indicator for explosion tests. 


success. A clockwork gramophone motor driving a 
12 in. disc at a definite speed has been substituted for 
the druiji, electric motor, and tuning-fork timing gear. 
A convenient part of th% moving switch-contact is 
connected by a rigid rod to a suitable point on the moving 
arm of the recording apparatus, and the switch is oper¬ 
ated when the speed of the disc has become steady. 
It is then an easy matter tp plot the true curve of 
operation^ similar to those given by Dr. Garrard, from 
tlie trace on the disc. 

Ironclad apparatus for use in mines requires to be 
tested for resistance to explosipii, and this is carried 
out by igniting in the enclosure the most explosive 
mixture of air and either pentane or methane, and 
surrpimding the apparatus under test by the most easily 
ignited mixture of meth^e. A record of the crest 
pressure reached is simply obtained by rneans bf the 
recording gauge shown in Pig. 6, which is screwed 
• directly: into the top, of the casting. The piston, rod 


• ‘^Switchgear Siandardizatioft,** /otimii IJJ.i?., 1918, vol. W, p. : 


and crossl^ead are lightly made in aluminium, and a 
small graphite pencil on the crcfeshead marks the 
movement against the spring pressure. The gauge is 
calibrated by screwing^ a special eyelet on to the 
crosshead and directly pulling the latter by m^ns of a 
spring Balance until the pencil once nSore reaches the 
crest mark. ■. ■ 

The need was felt foi* a simple apparatus for enabling 
small samples of switch oil to hS flash-tested, and that 
shown in Fig. 6 was desired and u^j^ for the purpose. 
The electrodes are supported in *an ebonite " cage' ' 
which, can. be removed froiiS tj^e small glass vessel for 
calibration. An ordinary feeler thickness gauge, 
or even a single steel ^ate 0*007 in. thick, is^used for 
adjusting the separation of the spheres. 

Turning to model-making equipment, the macliin^ 
required for a department of small to moderate size 
are given in the following list. They are arranged 
approximately in the order of their importance, and the 



list thus indicates roughly the order in which they would 
be procured in the case of gradual growth from a Small 
beginning. * 

Lathe, 6 in. ceniyes, surfacing and screw-cutting. 

Drilling inachine, pillsur type and lever feed, with f in, 
spindle. 

Grinder, t<j take iip to 8 in. wheels. 

Miller, small horizontal, ^th vertical attachment. 

Shaper, with about 18 in. stroke* 

Kadi^ driller, with about "Sfi in. ai^. 

Small precision lathe, 4 in. centres. 

Sensitive driller, high speed. 

Brass workers'latlie, 6 in. centres, for rough hand work. 

Tliis whole equipment vdll be suitable for a $tail of up 
to 10 or 12 model makers, in addition to the foreman, 
one or two labourers and two or three boys. It is 
supposed that the small amount of wobdworlahg is 
"machined bn the metal-worldng apparatus, a course 
that has no in^ked disadvantages. It is afeo assumed 
that extra large work is sent to .the maia shop f6x 
I planing wd oiher machihm 
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APPENDIX 2. 

Illustrations of Development. 

As it may be of interest tcf make tlie remarks in 
Section ^ on Procedure in Developmentas definite 
as possible, a fetv examples of the evolution o^a new 
piece of apparatus ard now described. It is typically 
^e case, however,^ that a problem loses much of its 
int^est when the solutTon is known. This is especially 


apparatus, methods and calculations, is more re<|uirecl 
at the present time than the prodtiction of new oruts. 

The above considcratiorl renders it a somewhat 
difficult matter to choose cxianiples of dovelopiuent 



I 

Fig. 7.— First stage of a ]ow-vo]1n.ge release. 

sowith thed^g^i Of apparatus, for tile fuUy developed 
product IS ^most invariably simpler than when in 
an mtermediate, stage. The great requirement is, in 
^ solution as possible, and 

fOT this reason the final steps consist largely of the 

• • • 



cancelling-out of complication*? Ae « 

roundabout course by which it nff and 

state, whici mdp<.rt = ^ reached its final 

the ob^SfaiS^S to ^ to be 

is probably true that ^^^^^J.P’-fposition. Yet it 

simplification of existing 



ttat axe convincing without involving twliou.s .luwu ipt ion. 
The author hopes that this ^will excuse the upj'arent 
tnviahty of the three that have been chosen 



The first, shown in Figs. 7. 8 and 0. is a low-voltage 
ate^rnent for an a.c. ciiTuit breaker, tbe moving arm 
of which IS held in by the spring plate. A, Tripping is 



Flo. 11.- 


-Second model of a pndertlvo relay. 


original set downwards butisk^**i!'*^ »pnng is given an 

<5 
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completed, and had been unsuccessful, before the breaker 
was taken over, and the figures show three stages 
in the evolution of the foulth and successful design. 

As a result of thougW^ devoted to the problem, the 
idea was arrived at of forcing up the spring plate by 
a shaft, B, that could execute a partial rotation, but 
w^jich would release the spring when a flat formed 


# 

by the ojgen breaker arm, as in I‘lg, 9. Jhe chief 
advantages of this general pattern over its predecessors 
were certainty of action and compactness, the others 
requiring a special •svielling in the containing case 
to accomodate them. 



Fig. 12.—^Final model of a protective relay. 


in the shaft was allowed to move into parallelism. It 
was supported in the " on " position by two levers, 
the ends of which rested on a cross bar attached to 
the hanger of a laminated armature, which was attracted 
and held in place by an electromagnet. 

The first model, as shown in Fig. 7, was made up 
with the three components independently supported, 
and this was modified as regards dimensions, windings, 
and so on, until satisfactory operation was giyen. Iii 
this form the release required to be set by hand after 
each opening of the breaker. 

The principle having been shown to be a practical 




The next three figures (lugs. 10, 11 and 12) illu.stratu 
the development of a beam relay for McColl balanced 
protection, as described in a recent paper before the 



w Kg. 8). Pm^y 

so toat It ^ now presM into pc^tion 


a model was made up on a 
S sho^ in Fig. 10, in aocord“<i 

paSuS m ^ej.aper (e.g. Pig. 9, representing a 

P^^el feeder protection- scheme). After tests had 

for Alteni*tlne.Curfbnt 
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been made upon this, and the results had shown 
broadly the characteristics of the relay and tiie respects 
in which improvements were desirable, the model 
shown in Fig. 11 was constr#ctSd, having a nearly 
complete laminated iron circuit, and other improve¬ 
ments rAderingmt a more practical design, ExMhustive 
tests were now made* until the relay was technically 
sound, whereupon the drawing office brought it to 
the form shown *ifl Flg^. 12, employing the necessary 
castings and mouMed-insulation parts. 

Affinal example, 6f a more elaborate collection of 
apparatus, i^ the rSversm^^tai-ter for machine tools, 
already mentioned on page 68 as liaving been evolved for 
controlling a radial driller, Tlie Analysis of the problem 
indicated that the connections Jrom the line to the 


Raiding & lowerim*- 
' gear ^ 



Fig. 16^—Pinal model of an electrically operated driJler 

A • ^ A 


motor armature would be most appropriately dealt 
reversing switch, and the acceleration 
S, ° automatic relays interlocked with 

model, illustrated in Fig. 13 was 
accoi^ngly made, in which a standard throw-ovS 
sm^w^rougmy mounted in conjunction with simply 
consmicted contactors and relays. ^ ^ 

This was tested upon a motor, and its performance 
, . “ -I*. The switch was now renlacwl hxr ^ 

,'ise of special castings. In this form ^ ^ 

mounted‘on an actual dSlS^,^^^ 


This trial and in.spcctioii liaving .satisluctorv. 

the final design wa.s drawn cud and mamifii(-|iinii, an 
in Fig. 16. In Fig. Jd it is Rliown in place on Jla* a. tii.d 
driller for which it was devoloppl. 

The above are instances of a coursf of ili \t*lo(uncyi 
continued until a saleable inodnct has lieen <>vo!vcd. 
The development docs not. Jiowcncr, sl.oji lit>re; in 
I fact, it can never bS saiil to be coinplete.‘as t.,'.sls’and 
modifications .still go on ujion the latest pattern, 
r^ulting in continiiiKl improvenieid lliionglnmt the 
life of tlie apparatus. 

The beginning of i^lie whole jiriK-esH i-; the orifjjnal 
idea, and a few additional words in.iv he said as to 
how this is come by. TJie first esseid ii*l^s to* ..ne. nirale 
upon the problem, until it ha.s been tlioroiiglih- gr.e.ried 
m all its aspects by the imagination ; and all possible 
assistance to the latter, sucli as the inspection of 
surrounding conditions, .sliouhl he given. It is iniite 
the usual experience for the actual sohdion to come 
after the matter lias been tciiipf)raril\' laifi aside; 
for example, Avlien on the wav home or during rehuvatioil 
in the evening. l>e.scribing the prohh-m to an assiKaate 
IS one of the best methods of stinmialing the mind 
and inducing the desired respon.se. .Success i.s remlered 
almost impos-sible by mental fatigiu*. and this provid.s 
a further reason why the research worker Slionld lie 
safeguarded from unnectissiiry worry. 


.M'J>ENl>lX 3. 

Bim.IOGKAl'HY. 

It IS not proposed to arid a cnniiilete ItildiosTaiiliv 
upon the subject of research, since tllis l.aJ 
lently done by the liiiglish authors of two hooks tint 
have appeared recently. Those are:-.. 

Or C. h.. K Mees f.McGraw-Hjll1, 170 iip., 7 ilh .•md 
R^earch in Industry." by A. P. M. idmi ing. r'lt " 

tively, both' : “ 

extent complementary. b 1 J .« «. a cei tam 

described in Section XI above. 
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ELECTRICAL ENGINEERING DEVELOPMENT*: DISCUSSION. 


Discussion before The Institution, 


Mr. A. P. M. Fleming r author lias brought 
forward a most important subject at a very opportune 
moment^ in viev of the competition from overseas that 
electrical manufacture are likely to have to face, and 
I am sure it is more than ever .important for them to 
bring their product up to date and set their house in 
order. I wish to» bring forward two very important 
reasons for having aa development department or a 
resehrch department, whichever it may be called. One 
is the need ?or consisteift development. In place of the 
very spasmodic attempts at slevelopment often made 
in works. The other reason is the importance of 
removing from the factory every trace of experimental 
work. This is not by any means sufficiently realized 
by manufactoers even of the most modem school. 

I think that we alI.sometimes forget the very hampering 
effect that experimental work in the factory has, and 
one can fully sympathize with the author’s complaints 
as to the tendency for foremen, toolmakers, draughtsmen 
md others, to experiment for themselves. The tendency 
is not at all confined to these particular kinds of em¬ 
ployees ; it is a .natural tendency for engineers and others 
to carry out experimental work and thereby hamper 
manufacture. I think that no manufacturer will 
nowadays oppose the need for a development depart- 
rnent. but I am not quite sure as ^o the functioning 
of the department as the aiithor describes it. He 
mdicates that the functions of such a department are 
to produce new deigns as the result of representations 
from the sales, design, works or other departments, to 
electrical practice and tb^n tc^remove 
ted^cal burderib from the shoulders of the and 

“Appendix 2 illustr^ more 
cleaflly much of the work he Has in hand, but I 

^ f confusing and difficult if one were 

method of development organization 
to aU kmds of electrical manufacture. I should be .glad 

I whether in his opinion tiiis 

actually function, as he describes 
fac^? of general electrical manJ! 

fa^e, OT only for certam kinds of manufacture or 


J. IN U ViiM.1 y ZiS, 


with whirh T IT . cxcGtncai manutacture 

^ associated both in this country 

to bf which he describes would ha^ 

three, or possibly four 
^g^ente For instance, the engineers would deal 
with ^culations and the control of dra\wngs for the 

manufacturing departments; the rese^^dSartm^! 
proper wotdd deal with fundamental and applieef research 
in connrction with domestic problems thj 
the workg and the recording of data as thblui^ d^ 
^bes, andtiieprovision of new data for desigS to assist 
;ffie mgmeers in cases where they require^se S 
^^^elopment department woffid Ln oSL of ^ 
«P^^Tmd"orl?^h“?^ designs are actually made 

P^bly be triS “d T 

would be produced fullv^tLtod ^^P^otod apparatus 
^d plannS. Si thS processed 

functions simply as a vSv 

E y as very great assistance in the 


' economic development and manufacture of tla* app.ir- 
atus, but it does not quite fullTl the function wliii;li the 
author has in mind in rcgaitl to relieving the eiigini i'is 
or in superseding the cngineei-s’ and dniiightsimui’s 
work. We may, oft course, be looking ab the inatttu- 
from two quite different angles anti Jiavo in*iuind two 
different kinds of apparatus, one of whioli might lie * 
suitable for the development tlt*paiiiucnt whicli he* 
describes. I can quite understand, for instance, that 
it may bo suitable in the ca.se of .switches and eimtrpl 
gear, but less so in coimcctiou witj^i. other elect ric.d 
apparatus. I am greatly interested in tlie aiithor-s 
remarks in regard to the staff. Tliat is the most im¬ 
portant feature of any organiz;»liou, ainl pi-rhaps 
particularly .so in the case of research or <lovelopmi-iit. 
Au organization tends to centre itself round peisonalit v'. 
if one has a strong .and suitable man. the cimiponent 
parts of an organization will grow round that persoiialilv 
as a nucleus. As far as my experience goes. 1 have 
as a rule taken iiniveisity-trainud men anti, wh<;tlitu 
they be i)Ii3^icists, motalhirgusUs or engiiu-ers, havt; pul 
them into the works for e.sperience before tliey nrocwsl 
to do r^earch ivork. I think tluit .such a iiUu i.s very 
desirable in a works organization, becau.se the men imt 
accustomed to the atmospliere of the works and its 
requirements, and loiirn the rnn of the works am I so 
gam experience in dealing with the operatives. With 
reg^ to the quastion of suggestions, 1 Imd Koine es~ 
penence a few years ago in .setting up a system for 
obtaining suggestions from wark-i>cople. ft was «>n- 
thusiastioally received at the beginning, but it did not 
work very well. I liope that the anthor-.s e.xmtrience 
was more satisfactory than luy own. Thu mclimdi he 
suggests for recording data, and for organizing wh.ifc 
IS sometimes termed the " general intelligence syshs'l •’ 
interesting, ft is very much a matter of‘opinion 
and ^penence how to deal with the vexed qnestkm of 

’^n.st amount of .scientiii,; 
techmad data that becomes available. 1 have 
that the autlior ratlier temls to 
depreciate the idea of foreign designs. I am not sure 
Jetl^ It is not quite a good plan to liavc a svsf!.m 
of aiteichango with dcHigns of forei^^ii 
concerns; it brings in a nci/view ami. f thinll cmiH.!’ 
aiSfr'J,—satisfactorily, f Khotdd like to Imvc Hu, 
author s view as to the amount of money tlmf hIu'iiiIiI 
be spent on tlds kind of clevebpnicuit and^lm 
funofroning which he describes. As far as f have been 

various com|wriies 

it would appear tliat a sum of from 3 to r. in^r i id 
the turnover should be allocated to wh;ii t shm kl y- 
complete development and research or at -m! r .. 

~ s?™ 
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njodels and •products. In writing up development it 
is ainiost inevitable that there should appear to be some 
disparagement of the intellect required in other branches 
of the industr>\ In an engineering business it is, how¬ 
ever, engineering which distinguishes the business from 
anV other and which must be given first importance. 
<Jne would look with suspicion at any engineering 
biHiness whicli had no engineer upon its directorate, 
£ind whicli«had not development engineers amongst the 
iiighly paid members of its organization. Theirs 
is the work that pi^s profits into the shareholder's 
pockets, or, looked at from a higher standpoint, the 
styvice that the manufacturing concern is doing for 
the community very largely measured by the work of 
the development engineer w^hose business it is to convert 
ideas into luseful products, and this after all is surely 
th? business of an engineering concern. I feel that 
tiie author lays insufficient emphasis on the engineering, 
as distinguished from the high scientific, side of the 
business. The bo^- who will be an engineer will, from 
his cfiilcihcod upwards, show the engineer's ^ft of 
constructive ingenuity; and surely, if one has to choose, 
in adding to one’s staff, between a man who has this 
gift and a man who has only a scientific qualification, 
no one would hesitate which of the two to select. It is 
<i djfficuiUgift to develop, but its development is all- 
unpartant, and I agree with m, Fleming that every 
development engineer should be given the opportunity 
of doming thoroughly famifiar with the works point 
ot view. The essential business of the work is to manu¬ 
facture, and no one on the engineering staff can know 
much about manufacture. One should place before 
Jie ..ev^elopment engineer the detailed cost sheet of the 
piece of apparatus upon wliich he is to work If he 
does any good at his work it will show in that cost sheet 

;Vr; "r" . not a bL meSS 

the community. By study- 

direct^ns in which 
there i> room for real commercial improvement of tlie 
product with which he has to deal Th™!f 
pan of development work is the experimental side ^he 
development engineer whose services are not prooSv 

U5 the \ntal part Far ™ u ^ busmess 

sold ii. lW^quantUi« material is made and 

tested befoiTtT put 

because the development ? and that is 

or given sufficient facility ^ encouraged 

bas to guess far too mu^ 

much for want of recospitjon K assume far too: 

of the experimental sSe of £ wS? 
on to speak .of co-operati^ S°®® 

sense in which he uses if Co-operation, m the 

of persons of diverse gi^ ®°'°Poraiion 

development of appatl^- it *^® 

work.” Th»™.v .ril,. s, it js what we call " team 


»-i»-operation between ana mat is 

development during the ™arked 

ttying to keep it alL eve^ra^ have been 


of the movements of the day which we shall see carriwl 
much furthSr. We do not Iniow what direction incliistria I 
reconstruction will take, but we shall sec better co¬ 
operation as a featuft. • If any one country neglects 
this co-operation it will be left liehind by the countries 
who develop it. Its advantage.s are obvious tocanyone 
who will take a broad vi*w of tl\p situation; its 'diffi¬ 
culties are sufficiently, obvious in particular cases. 
At the same time, if we can get pairticirisr men concerned 
in any inanufacturing industry to meet round a coniniou 
table, give them sometliing innocvKffis to di.scuss, and 
then gently lead the convessation, nve shall find that 
they have certain problems in 8oininon which they are 
all attacking, which they Jtre all attacking inad(!r|ua.lel\-, 
and wluch, if they can only be persuaded to join forces! 
they will be able to attack much more acle(|uately with 
better facilities and to greater advantage. Tliat has 
l«en the eii^erience of the Electrical Kasearch As.sacia- 
tion. It will be readily appreciated |iow diriHilly most 
of the work of this A.ssociation bears on coniinercial 
development, and how much more it could have done 
if it had been started earlier. Consider tho,wav in wliich 
v^ous methods of laying cables have been 'develoned 
without the help of the sort of cxporiinental te.s(; whieli 
we have now carried out. After aibles linve l.wn lai.l 
for many years and verj>- heavy expenditure lias been 
incurred, we find that some of tlie nietliods employiHl 
ai-e wrong and should never have been used, notwitli- 
standing that conjjpctors and users had ii-sed .such 
facilities as they had, lyid made such tests-as thev 
were able to make, with tlieir iudividiiaUfacilities. The 
^Ppenecl with regard to* power enmpanje.s 
and the deimlopment of poles for overjiead. line;?. ?fi,w 
we get Viiffigient number of persons togotlier and make 
mvestaptions and we find tliat poles fiTr overhead lines 

ought tr^have been developed in a different way. Take 

on the matter one lias had to make and .sell on a large • 
sede, apparatus which one could not tes't lH>e'insI 
mdradual fii^had not sufficient facilities. Recentiv 
tte Electrical Research Association has spent a l iru'e 

S conditions, Ld I-k'ncftt' 

the author of the present paper will speak annre 

earned out under proper gontlitioiis on a co-operative 
s^le Our work on iasulation is also ver/hmety 

Wo.. f ~ 

interest. Th^fe fS^eat 

one wants fnr I tWnk, that all 


work.” There is another asi^ect of Wt* 7 team one wants for researerTr‘“iT‘“‘'*’ a” 

Iwen made possible by the work ftf P®^tion which has experts I think +ii,» a laboratory and a stall of 

»u.'^.orbS?s.rs„r'‘Sf 

He speaks of the difficultv of “ reward. 

<iifficnliy is, I think Th^t 

X , tnmk. very largely due to a feeling ol 
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the part gf inclividiuils, niicl perhaps of maimfacturcr.s 
that they may not fjet tlieir fair share of iftt* rt*\vanl* 
in money, in reputation, or iri any otlier hiriu iha(; tlu?v 
expect it. If research is to ht|ikcl#v4»Iiip(il in Hi is s\iiy 
and if manufacturers come loj^r-tlHT, no tloulij a strunj* 
association of n:gum facta re rs is Vi'ry heaelicial because 
they can control the lipine ainl Hu y can he sim 


SC) 


that each of them will a slyin* of I he rewanl. If 
they have a goo*l*]n>i*ic iiiarki t J suppose |||,;y , 
to a certain cxU«it, cuiitml llto lutt‘i;<ii iii.ir|o;(; In' 
dumping, but only\<i a liuiifcil exb iit ; (lim itnc llicv 
imust progress and •apjirecwtc tin* cs.•.•uti;tl nto.ssilv 
of working‘together. J* think lli.il the aiitluu- h;i-i 
hronglit out tliis necessity vtfj* clenily in (h,. p.ipcr. 
The cxiicctation of revvnrtl iiiiiy he n t otmnerejal in^ 
centive, hnt it w one which is necess.irv if tui opciMf ioi, 
is to be .obtained. Tliere is on** Hlhi*i :e.)nrl tli;i| 
appeals to me. and tlial: is th;il; tin* .■l.■.:llic;d inniiii 
facturer lias a cla.<jfi of cnsloincr who is. so n* speak, 
an expert user of his jirodni t.s. The elertiii itx- snpplv 
industry uses the products of our cleefrii'al niaitufac- 
turers and criticizes those jinidiicls. Tli,- user is con¬ 
cerned to get a .simple, cju-nii. I' liahle and i tln icnl 
apparatus, and- perhaps heciiiise I aiu on ih.* 
side—I believe that a gre.it main- d.tv.-l..pun-nl-. are 
due to suggestions niadi; by ns.‘is wh<i tin.l out. the 
troubles. Perhaps some of ns on ihal: as i 

claas that we do not get ipiite a fair sliaie of U.c n-waid'. i 
WJiotlior there should lx* n prefeoMirn Jo tiu* homr- nsf^r s 
oriiow the reward sl.onid he given.*I cannot s.,v, hnt 
W'e should like to feel tlirit we were gel tin*.; it. I Jiim j 
atcly, of course. w« do get it in tin- improve,! ! 

i believe. lhrit.tlic work of 1 he f ri* al Rcsi-anfi Ssso- ' 

ciatjon of which Mr. Wedmore h.iH spnk„u will I,dr. i 
verymneh in that direction. There are m.mv ooW-leins 1 
whicJr we c.an .all whok*liearie.Uv lackle, feeliie;'U.Tit the 
genctal Kw»rd is snllieie.il! t here ..re ;,on.e^.ii,eiaI 
probleniH, such as the develn,„m*nt of p..rii.adar La*' 
of apparatus, m whicli I f.elievc the ti er iiiieht very 
advantagcHu.sly he taken ini., eonsnilation," Durin*. 
the past 3x*ar or so 1 have i.,*en v. rv pica*, ,I to find II, d 
whh^r ManufHc.|:urer.s’ Association i,;,*, i:on,aiIte.| 
r, \ representing tli.,. users a*, t,, apnati. rUio, s 

and forims of rcjuirenieiits, all of wl.ich t.*iuls to tin- 
proper .sort of co-oparation. 1 believe also t liaf we o„**lil ’ 

‘»»'vnrMilie.i into co,„wd! 
Ihe teachers have a great deal to .to to |,e.„ „i, rii . 
the tunes. Progre8.s is very ra,;.irl; , hnv in v * n rin 

tundl With 

bSrthem'ZT'r'r 

bo„pr.*, to th. „u,t 

i,,,,;::: ,rr. 3,n:„s 

laboratory when he cle^rill.c t, . . ’ ,»‘<'wlopinent 

production .shop cverythinc wlih-'r 

li?Mng the princmlt^S f ^ prohletu of estob- 

nature rather than in sistem 

System, because orit* so of Urn finds 


I that the f.rodiictioii manager whose energies t?onld h«' 

I nsefully dovoUKl esdusively to ..htaining eliicient 
production is very n*luct;mt to .Involve what In* feel*, 
j to he a large sphere of his work to an independent 
, .leparlnieiit vvliidi will he respTmsihle for .h*yeloprne,ii. 

: 1 think wall Mr. hl.'iuing that the author tri.w to i.ruve 
, .1 little loo iniidi in the paper. When he ilesc.rihi-s the 
, develojimenl lahorto.iy ivlaling to a lavlorv nianfi- 
, lactiinng electrical apparatus such as switchgear. 
il.‘i.ttic.,l im-asuring iiislriiiiieiils, 1,-le|:.ho„<* apparatii.s * 
tl- hl«*. it .seems to me that hejs o,,'very sat' gro,m!p 
: t the mgamzation 11,^11 he pro,,ones, .illhongl, one would 
Ike .1 lull,, more nih.irn.Uioii as to the iimnner in whidi 
he corrd;,tes the work of the d.*v..|o,nue,„ .h partmeiu 

i '<'*'«-»'g ollice an-t i.iodu. fion 

e' tioii. (le glees an iiiilic.ilioii in the ,)a|i,r, h.U: if 
seems fo me lh.it hai.son must he a litlle ditlicnil; "o 
•■'nange. an.l when he seeks to af.piv his sdienn- of works 
deydopm,.,,, labor,atoiy to all s.-c.tions of (he in.lusliy • 
•Iiul, .lUei all. 111 .* Hcdio,,:; of the iii.hisliy whicli ilo m.l 
maimlactine a|.pli.*iices ar,* very mmicroiis indceii - 
- It .seem: I., me that he is stret.:|,i„,. hi,, c.*,*;,- too far 
; 1 do m.l think that there is any miiveisal rule wl.id. 
f-.n he ff.Il..w.>.l in d.ci.ling what i*. tin* light svslem 
•ind what IS the iie.lif ,si,te an.l .s..,pe of ,i .h vr|opi„en( 
lal.or.Uory; f Uiiiii; Ihaf ev.-ry *:..,• lion ,.f tie* ind.istrv 
an.| ...v.-iy se.dMin of maimf... l.nv miir.t he .-oica.lered 
uu Us own merits as h, what is the best oig...,i..;.ii„„ 
h* iipply. I.d us rousider (he ,ase ..f tl.e thenuiouic 
'•live. It ajiptsir;; to he just tlm :...rl of cas.* iit whi.;li 
"IH* would re.piir,. ,lev.*I..p,u.„t I d.*.,.,lory |„ work • 
r.ut tl,::,*;„s ,„,,1 so hull., hut .iciicilK- in ih.il p.irtieiil.ir 
"'•iiiu h ..I mamifa. lure ..iie U.el., ih.U what the auM.o, 
w.iiild ,;all the pure iv,:.*.ucl. ui.m h.c t*. he- r.:a.o„sihle 
ii.ght Ihroii.gh iiiodiiclioii .md on to the (iiiiv.ln d prod.ict 
lo and, a v. rv great, est.-nl .lo..*.s a v.-iy *.li,;hi .leviation. 
'pute iiitexp.c.ted .<m<i i|iiile tmkiiowii to (iie ,.r...lu(dion 
man a(f(a-.t lln, <pialj|.y ai.il perforniaticij of U,.. tin,.I 
product. Then oil the other hand we have Ihe liiiid 
>tf oigiii,iz.ition (hat the.nitlior.lesciih.**!. j.e. the m i ,.,„1 
class. 111 which it nmy practi.villy he said that:, haviu*' 
%vorki-d out a ,„odel s,Uisfa..!torily, the devdoriineiit 
department can release tlieimailv.,» from fnrtln.r re- 
sponsihilily. Ihit (here are many hi.mches r.f tl,,. 
industry wlmro works |tr.Ht<Ws nUh<*r Mem m.elds 
have to In; iuv.,;aig.il.ed, rmil those niav reepiire a. i-reat 
de,il of thorough going re; 5 -areli. I hen* are .iih.-r 
branches of w.,rk, such as chemic.al, melallurgical and 
imUheinatical nivestigati.ins, at. whicli the author hinln. 

He .suggi^its that the.*ie are fmictioMs of Ma* .t.•velotmt,;,lt 
kdioratory, 1 do not s;iy they .ire ii.rt, hut 1 think 
tlut the type of man wln» is siiitahle h.r the kiml of 
work described in the pajier is not; leaiully tire (vtw of 
man whr» is bast at that sort of invesligaAion, ajid , ,io 
thumnghly disagree with (he author as to the sinimmc,. 
o events in which he dteaii ihai the genesi.-; ami !ip|-,Uca- 

" 'T' 

pure reso.iri:h. I .should like to stiggest what is the 
difference lietweeii rasearch and developtmmt: Kasnarch 
Js a wsirch (or knowledge and principlas and laws, 
whereas development is the application of that know¬ 
ledge. Now this se.arch does not acpiire any very 
special rpiaUty of purity, because the motive actuating 
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the worKcr fs mere curiosity as distinguished from the 
niQiiva of the worker who hopes that ultimately the 
knowledge he finds may psove to be of some benefit 
to the community. In our experience at Wembley 
some of the most ordinarf'* works problems yield material 
for the most “ pure research. Industry will, I thinlc. 


product' only very ordinary and mediocre results if it 
restricts itself to reliance upon th^ universities for the 
^ supply ofi its original ideas. For instance, we should 
never liave had the gas-filled lamp or the dull-emitting 
^ alve—to take only branch of industry—if we had 
reiie^i entirely upon universities for our new knowledge, 
l^feel that the pursuit of knowdedge as an end in itself 
will have to form a very integral part of our industrial 
system. 1 should like to repeat that while I join issue 
whh the author in such generalizations as this, I do 
congratulate him on having urged the importance of 
segregating this sort of organization and research work 
from the production work itself. If he would only 
discriminate a little more clearly bettveen research and 
development, I feel that the paper would even gain in 
value. Evert- industrial research laboratory does a 
certain amount of development, and every development 
laboratory does a certain amount of research; we 
should not lilce to segregate all research in one depart- 
ment and all development in another, because the 
research worker tvith his knowledge and enthusiasm 
must father the application of his tvork if success is 
to be assured, and obtain from it the inspiration and 
Ideas tor further work. An organization of industrial 
research workers w-hich spends all its time in develop- 
mem work and does not use part of its energies in seeki^ 
to* knowledge of the principles and the real scientific 
b^LS of the industry with which it deals, is merely livSg 

ducSve""^^!? ; h? sterile and unpro- 

auctt\e. It js by a judicious mixture of the two thnf 

^ Mr i organization is maintained 

ti'e litP war JS well known that during 

t.e late war many new problems had to be nnf 

though they were thoroughly discussed bv scientifi/' 

e^ntial to progress and SnSfar''^ “ 

ment generally mat-... * /JJJOJJtJfic advance- 

laboratorj- connected with 

Uepartment of the Admirai+, ^sotncal Engineering 
and development are treated^as ®^®^JJJent 

one orgenizatijn. and the nlan ^ sections of 

due to the fact that it eualT^tll^ • ^ork is 

to see m a practical form what he 
pr^Way laboratories in wS or^„J^J^ ““‘I* and 
and organized research Me^carrilf ^ development 
scientific method of mafcinv constitute a 

hai*azard meth^^S against the 

the question 

^ W been asqociated^S^^ 


realize how very important is the question,, of staff. 
The very ftidividuality of the British people is at once 
a benefit and a disadvantage in tliis kind of work, which 
must necessarily in cases be team work. What 

the head of such an organization should endeavour to 
do is tm reap the benefits of tliis trait r.of individuality 
but secure at the same time the jDenefits of team work. 
This is largely a persoi^al equation, and my experience 
has shown that if one will onljfr tahe^the trouble it is 
possible to obtain men who-will work together without 
losing their individuaUty. To efi(*ct: this it is essential 
to see that eve^ man ge^s due credit for his work. 
If a man feels he is getting tlie dS'edit of his work, whether 
it is team work or not, he*has a new inspiration to go on, 
very often against great odds. In arranging the staff 
the aim should be to secure a balance, i.e. all the members 
should not be highly scientific, or alternatively, all 
practical men, but there should be reasonable proportion 
^tween the scientific men and the ^practical men and 
^ose who have organizing and administrative ability. 
It IS, I think, important to keep work of this kind away 
work, otherwise one is bpund to .suffer 
and tlus is usually the development side. On the 
other hand many valuable suggestions can be made by 
those employed on routine work. In this connection 
ere IS, m the Naval Service, an organized system of 
co^idemg any suggestion which any workman may 
desire to make, however seemingly unimportant sucii 

coiSidfred suggestion is carefully 

system has inspired workmen to take a 
^eater interest m their work and develop improvements. 

y experimental or development, work it is a great 
advant^e f^r some man, oth« than a das^r K 
enga^ upon it. « this brings a sepafhte mSd io^bea? 
on the ^ame problem and enables valuable suggestions 
to be made. One of tBe fcost important iunSiol of 
au^ work should be the reduotioS in the nTmber of 

friSslST ‘l any piece of apparatus, 

in conclusion, I consider that discussion between the 

o°^'tiag fuS'^^tf^nnec^rtlim 

^mght across the circuit, and then.to close the switch 
Sh test for the paSZr 

^ ^ cienmtion of a reasonable te^t Mr o 
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able to ijiake suggestions for improvements, and in a 
• number of cases it has been found beneficial ^o transfer 
the design section or parts of it to the research depart¬ 
ment—a very sound arrangement* if the calibre of the 
research men is sufficiently high. The author is perhaps 
not altogether f^ir to scientific workers in his sugi^estions 
as to their qualifications amd limitations. One feels 
that the general air of " nerv^ and aloofness with 
which the scientffite worker is held to be enveloped is 
frequently due simply to affectation often fostered by 
those with whom •he has to deal. It is, of course, 
agreed that research work cannot be turned out on 
the lines of'mass production, and also that some men 
possessing ability of the highest order are at the same 
time blessed with a somewhat peculiar temperament. 
For a works laboratory, however, if the work of the 
individual is to be fully effective, he must, as far as is^ 
possible, absorb the spirit of the works and, lilce every¬ 
one else in the organization, recognize that times of 
stress have to be met. A great deal might be said 
as to the author's suggested qualifications of research 
workers. Lifee others, he insists that a university 
degree is a sine qua non. What is actually required in 
a research laboratory is good men with a flair for 
research. The number of men really capable of doing 
good research work is very limited, and it is a curious 
fact that some of the most successful, aye really brilliant 
men, in works research laboratories to-day are without 
the paper qualifications without ^which the author 
aipears to thmk they are incapable of doing such work. 
The author ha» omitted one section, of staff which I 
should have thought to be indispensable—I refer to 
the polled mechanic. One at times finds a mechanic 
hojs almost if not quite a genius in the oi^nation and 
development of new ideas. Such men are raise and 
reqmre encouragement, but it is probable tlmt they 

t^aluable sections of the 
•staff of a development laboratory. 

previous discussion appears 
o me to skow clearly that if we are to avoid confusion 

i- mean” 

r f ^ " research workere ” 

IWM surprised to hear Mr. Fleming tell us how Ixe preSrs 

SeSSicm^?X”^^ ^ combination of 

tneoretical and shop framing. Surelv if " re<w.arr.i, 

workers ” are produced by su^ a trafning thJ?lS 

IS only a ^andUoquent name for a superior twe of test 

assistant. That it is possible by r^y comse S 

ought to be made olain t .-i: ! ' . 

sound paper on the^snhi/.r+ s is the first 

Institution, because unliV® +i° read before the 
that resem^h iTSt a Wn he realizes 

to routine nolS^I and ca^ot be reduced 

produced to order. Not\a/tlS®SI *‘^®“.‘^annot be 

Potehtiafiy novel and usLTSeati^^^ 


• 

contrarj% fairly coinmon, as is ei uloiwvil'hy‘iht* lai-.t 
that some 30 000 patents are applieil lor every y<‘ar. 
two-tliirds at least of wliid^ refirestsU tw^hitieally soiiml 
invention.s. We all know brilliant iaveiibirs who are, 
three or four times every year, close on the track <if 
some new invention, frequeuliy iiuitu .sonn.I. Wliiit’is 
rare is the power of persevering in the ilevelopinent 
of a single idea, igimring side is.sm‘.s ami overcoming IVll 
the difliciiltitM which stand in its way. until it becomes 
a practical success. I think that it would condnee to* 
a great deal more clarity if we 4 :liviileil research iiibf 
three grades. The Jjrst, which it wonM be better to 
call " precision testing," is appurenlly wh.it Mr. i-leiuiug 
has in mind, and simply consists in jiuikiii^ tests (fi a 
higher degree of accnriie.y or of a mort; relined character 
than is possible in the pmiluetion departments. It k 
confusing to cull those who condncl: such tests " reseai* h 
workers,” useful and inijiort.int tiumgh (lu-ir work is 
On the other hand, their work' ma%- be insjiired ami 
directed by a tnic re-search worker, who certainly cannot 
be trainetl in any such manner as .Mr. Memiiijr .suggests. 

A. second grade of research appears ti> Ik? what the 
author has in rniml, namely, the pnMbicii.m. modilica- 
tion and development of existing tvpes of app.tr.itus 
as described in the latter part of the paper, in onler 
to oiiablo them to fulfil a modified function or their 
original function in a more .satisfactory way .imJ the 
actual working out of IJiasc inrKiilication's so as'to ensure 
that the de.sigu sluUl give no tnmlilo in oiM-ration. This 
.i.?? " development of known principles.’' 

The third grade would be the prodnctiori of radic.dlv 
novel typ^ of app,aratiis which sh.ill .adve .some industrial 
proWem in a now wsiy. lixmnple.s r.f ihi.s type am ; 

(a) The development of tlio phase urlvamuw;' (*) the 
development of means of varying the speed of imliiction 
motors by cascade commutator machines as assiiciated 
vnth the names of (for i.isfcmce) .Scherbins. Kramer and 
otiiers ; («) the development of the cascade motor and 
other vanablu..specd a.c. types; (,f) tlu^ duvclopm.mt 
of A.C. commutator machme,s for v.irialiJe and constant 
speeds; (c) tlic development of the motor converter- 

ciDli ” " ‘l^volopment of new prin- 

cjplos. If the.TO distinctions betwt;en dilfercnt grades 

toat the apparently conflicting remarks of different 
speakers Imth on the prase,rt and «„ previm,.: 

nvvln»’<-siring in mind that they are 
m,xdo m respect of different gradcN of research f 

lifiht on wh^o ^nbject, which may perhaps throw sfime 
ThB of« ^ alrc.-wly b«ni wiid |„ the discussion 
^le author itssumea that there is in existence ,a rlevebil: 

new «i>Kageri m working „it 

this- quesstmns ariiw- ivith respect to 

wmked apparatus hai to be 

to a state of tpchmi having developed the apparatus 
that it will Tinf rHJriuctian. ma 
Fmm thrsn«? ^ disappointment ? 

these two someone must dis-ide 

■yield thf ^ ^ ® development department is to 

yield the advantage Which it^stenld yield. In this 
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respect the ^sitiou of a finu of consultants is rather 
different from that of the head of a development depart¬ 
ment who regards such matters as being outside his 
province, since such a firm must be able to offer their 
clmnts advice on the commercial aspect as well. I 
should like to ask the author how the first of these 
quMtions fr dealt with in the organization with which 
he is familiaa One of the function* of his development 
^depaxtmeilt is to cure troubles arising during manu¬ 
facture, on routine tests, or after installation, and so 
far his work is provide automatically by the production 
departments; but it is usually found that the decision 
a% to what development shall be done must be referred 
to the bus^ess Jjpads of the firm. Now I have not 
found that business men are- unfavourable to research; 
on^the contrary, I have found them most eager to benefit 
by it whenever possible. The real cause of their reluct¬ 
ance to spend large sums, and the reason why the develop¬ 
ment engineer is regarded in some organizations as 
undesirable, is not that the business heads are unwilling 
but that they are puzzled as to whether the development 
will really pay. It is almost impossible to say whether 
it will pay, but the man who is best able to give a 
valuable opinion on the subject is the development 
OTgineer himself, and if he shelves questions of that sort 
in my opinion he shelves the biggest part of the problem 
and performs only half the function which he ehr>ni<i 
prform if he is to deserve the confidence of those who 
mve to find tlie money. I have for some years hol d 
the opmion that a development department should 
work m close touch with the commercial side. The 
development engineer should first of all be a close 
stadent of applications ; he should be constantly 
^ewng tlie operation of all sorts of plants, studying 
meir defects and considering how these may be remedied. 
On the other hand, one must not be deceived bv state¬ 
ments which users sometimes make without a due sense 
of responsibiUty. One often finds that a user states 
ttat some improved apparatus would be of such enormous 
benefit to him that he would give almost anvthing to 
get It, but when it is offered at a price ever so little above 
me stand rd price he will have nothing to do with it. 
Now comes the second question, which the author is 
wrong to neglwt. Supposing a new development has 
l^en place and is technically a perfect success, will it 
^ a disappointment to the commercial man or not ? 
Here we must distinguish between the different grades 
of research, kfeny people may suppose that all that is 

^cnbmg &e new apparatus, and aU wiU be weU. 

^ + *™® “ «Sards the development in 

what I have called the “second" grade of research, 
but wh^e a development is of rather involved character 
^® ^ Srade of research, our 
W 1"®* beginning. We. have it on no 

less authority than that of Mr. Henry Ford, that there 
M never any demand for a new thing, and the ordinary 
^® ^ ^®®“ specially instructed, cannot 
^su(* apparatus. He does not possess the technical 
taowledge to mable him to eicplain its new features to 
tte customs m a convincing manner. How is the 
development ^ginett to bring home to the user the 
pams he has taJsen to overcome toe preliminary dijOft 


culties ? This is a problem which cannot be^ shirked, 
and he is fhe only one who can solve it. Let us look 
at matters from the customer's standpoint. Here is a 
new apparatus which,#it|jis alleged, produces some novel 
and marvellous result; it is not true that the user has 
any prejudice against it; in fact he is anxious to benefit 
by any advances in knowledge, thpugh as a rule he does 
not expect it to cost hjpa anything. The development 
engineer must be prepared to go#»in istub minutest detail 
into the user’s individual requirements, to understand 
his business sufficiently to appreciatoSvhat those require¬ 
ments really are and to make it clear to hi m that he 
really does benefit. PamphlelS and other" advertising 
literature go only a very* small way in this direction ; 
nothing but a personal discussion can carry the matter 
through; and this is a very heavy burden upon toe 
development engineer during the first few years of toe 
new apparatus. At toe same time it is of the very 
greatest possible benefit to him. In :giy own experience 
I have frequently found that a really thorough dis¬ 
cussion with users of toe way in which the proposed 
new apparatus can be applied to their work, has entirely 
changed my ideas and shown the necessity for develop¬ 
ments in design which, previous to taking into account 
the user’s point of view, had not been at all apparent. 
The development engineer who cuts himself off from 
this source of inspiration malces, in my opinion, a very 
great mistake, .^ter the first few years a good class of 
sales representative will relieve him. In certain other 
cases the business heads, in starting a new development 
have not realized^ the sales difficulties and are con¬ 
sequently rather appalled when they tire faced with the 
fact that while the standard apparatus sells over toe 
counter,^ so tjp speak, because the user loiows quite as 
much aJ^out its uses and capabilities as fne manufacturer 
does, nqvel apparatus requires a Ipng and patient 
explanation. • • « 


explanation. 

Mr, P, M. Baker [communicated ): Present-day 
conditions in toe industrial world call our attention in 
a very urgent manner to our own position in toe world’s 
inarkets. It must be remembered that we were the 
pioneers in the huge manufacturing development 
last century, and that fact, together with bur national 
resources m raw materials and the native ability of our 
people, gave us a pre-eminence which had been severely 
challenged by other nation^; notably. Germany and 
America, before 19i4. The war has simply served to 
accentuate the struggle, and we have now to realize 
that not onl:^ must we so produce toe goods wliicbuwe* 
export that they will sell in foreign countries in competi¬ 
tion with toe products of the other manufacturing 
nations, but that our very life depends upon our success 
in so doing. With our diminishing stores of raw 
materials there remain only two directions Jn which« 
we can cheapen production for export, viz, (1) by im¬ 
proving the efficiency of our production processes and 
apphances, and (2) by increasing toe skfil of the pemonnel 
of om shops, so training toe workman that he udU acquire 
a higher and more useful type of skill and greater 
effective^ speed th^ ever before. The author, in dis¬ 
cussing industri^ research, is directing our attention 
to one of the main divisions of the former of these matters 
of which the nation^ importance ciannot be over- 
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estimated, and is thus renderini* tin* luHtitniicHi am! 
industty at large a servitt*. ruriumj lo fin* 
while agreeing wifi; ihc? autln>r that tin* hem! of a ri*st*;iivl» 
department slioiikl havt* had training (titlirr- 

wise why give anyone sneh trainin?^ ’), I think we niiist 
realize the iinporianet* of tin* ‘'Wiuks e\|H«ieruf*’ 
component of his (|uaUtk‘atioie?. I t is not iiiipnssihle for 
the holder of a nniversiiN- <li‘gr<iM; to l»e a huil in sonn* 
directions, but, if till r university trainiut; means anything 
at all, the chances\are lhal he will have af.«jniretl greater 
ability to think clearly and hn^adly tlian those (»f his 


colleagues who hav<» onlv Itfid the training of the shops. 
I am in favour of the second niait in the organi/.iliou 
being selected mainly for Jjis aiuliiig knimhMlg<* of 
shop processes, as f ihiidc tlie e«nnhiiiatinn of a Head 
Iming first-class " college '' tniiiiing uiu( sonnt shoji 
experience, witli a socoiid who is inleiistdy prar.tieid 
but has some theoreticaJ knowledge, is aii tsisier 
solution than thatpf iindiiig the '* jai|n*rman “ dt»serilied 
in the schedule of iiualiticailions. In .sfiiaewlial j^aralle! 
circumstances I have known the couilanalitin to wtirk 
very satisfactorily. Tlie author settnis uriforluinile in 
his choice of examples to illustrate the work tinderlaken 
by the research department, d hose ru'le* ted art* Ncareelv 
such as call for the “ high uuivt*rrii! v type of winker : 
some indeed could have l>otMi eiilriisletl to auv intelligent 
artisan. Again, the special ayiparatus reftTrcMT to 
scarcely shows special higeiiuilv or mnellv. To tjuole 
one example, the brake pulley de?^ribed |see higs. *2 
and 3) has been exlerisivtdy luictl. I iiiy:^f*ir ustd it in 
Bombay in a jouIe*.s ef|iiiviilem nj^paratim Oxed mi a 
4-h.p. motor. It Vas design(‘d and iiimh* by studenlN 
fro.m sketches suj^^died ninl was no! cousi.lcVefl mwcl 
although we were rather pleased with omw h*% at thi* 
con^nience witli witich re^alI1s could be ohtainei,| with 
a ‘ Soames ” or a modifiml “ lYony “ brake eilher fm 
determmtitiQiis of J or when, ^uielv as an i‘xen ise it 
•was used ip brake test.s of motors. riie strong point 
otthe paper seom.s to me to l,e tint earefttl mgaid^af imi 
of records winch ks demanded, 'rius is a most import.mt 
matter; record.s nmsi he rornphde. rJamit.g failures as 
•vv«l a^i successes, and handy, mid in this ♦liicc.Mmi the 
paper, by detailing an orgaiuzalinn, r.honld hi* verv 
useful, ihcre are two aspects of the ca*;e for researeii 
orpmzations which do not. in my o|mnm,, rmanve the 
cleseiive. (|) Otir mamifacinmrs 
<i>£r:ept;ions 4iave. until rccf‘iit 
years, sbirv;cd research. TJiey had no use for the huddv 

i accountants and semetarkd men 

elaborate apparatus than the indivtdmd worker can 
trSarf research seems bound 

as 5me goSti ’** «** *>«««'•«> 

Mr. P, Dunsheath (communimted) : I ft-wlHuit tlip 

that hft 1 *'*’*'* P**P'*'' *:«!rl.tntlv suggests 

reiircS bt.fth”*’- «f in.lSnal 

paper is' th^t thf *”*Pf*'‘-'*‘*“*'' »'»« «»« reading the 

x^* , ^ rjqtials the whole Possihiv in 

epar icu ar branch of electriciiJ engineering represenled 


! by (lie iinllhir. develtipmeiit is Hit* whole stfirv. Init this 
I i.s not .so in all bralu lies. Mort^ usually, large calls are 
! made on a research <l(*part:meut in connection with 
factory tliltiiaillJes, t he cuntroj of materials ami processes, 
aiul many other matters whicif do not: come wiihin the 
j scofx* ol the anthor's *’ilevelopnuait.” I’ossibly th<* 

I reason for the diltereiit tailltMik lii*s in flu* fact that the 
1 autlmr is engaged it^a branch i>f the industry where ifte 
] piodiict can b(* ri*iu*esen(e<I by imuU*Is and ulien* tech* 
i; nical proc(‘sse.s are of less importance tlian actual ilesign. 

; i|uesfion of till* n'laiiiiMsIiiji Jietvveeii the research* 

; de[)arlint*iii and the^ factory urgaui/.alion is of vital 
; imporl^iiu'e. Wherever tin* two come into cotilacf then** 

; must be Itisiou ami not a h*m t*. and in this connection I 
I feel that the polu y of (he last few lines *if the lirsl 
I |xiJagta(>h on page t>| is rather tot> anfocratic to he 
I tmlirely successful in operalimi. The author says tlfat 
I the production stalf should In* instrucleil lu comiminif ate 
llieir profuisals. and that any atteiiipt at priviite enter¬ 
prise should be .stiirlly repressed. While 1 agree that 
expeliiiienlal work should, as far as possible, lie carrieil 
out away from routine prodm^lion, I do not lliink that; 
the authors method will he found very heljdub la 
liydrostatiis a vacuum will ofteu achieve a. result where 
pressun* fails. In dealings with men much llie saimt 
pruiciple applies, and uiy advice to iudustiiid research 
im*ii IS to get the interest of the productinn staff. 
Remember that a man who is doing a job all il.iy ami 
every day probably knows a gootl ideal more about Ihe 
details tlian you ilo. and let him see (hat yon aiifueciato 
this. I)o fis much to mlvaiicit an idea put forward by 
the pioduciioti staU as if it: were an idea einariaiiiig from 
your own depai tmeiii, and yon vvill soon (imi that midtrr 
tin* vacuum ln*atmeut " of iiersonal inl.err*st tin* itiean 
will flow in without any repression. < )m» iniglil; sav' 
that this tia*atini*nt helps to weld the research ilepartnienl; 
to the laciory organi/alion at all points and is. as a 
matter of fact, tin? only path tti .successful operation, 

I <hi page hi tlm anflinr shows how ei>oclmmdfi«g inven- 
tiom^ do not t ome (nnn the niiinitiaietl, innv of mi have 
the courage to say as iiumh in tin? face of popular o|iinion^ 
bill, how inn? it is I d'he invention of the buffer fipriiig 
by tin*, carpenter idiiyiug with a shaving is typitad oi 
what may hapfien in tlm pioneer days of an imiiistry, 
but as the imlustry Incomes organi/ed great cliariprts 
do not mnw about in this wav : 1In*v have to be worked 
out. Jn the early day.s cjf a gt,|ilih*ld tlie diggiT nm‘arihs 
Aaluabli? iiitggeis itione ; but f iioiisaiid?^ of tioimrls* worth 
of inathinery iteeiissary and thom>«tnds cd tons of rock 
tmi.st be treated to produce the same result as years go 
by. rin* authors condemnation of .slacknesH in the 
retwding of research rcjailts in ver>' necessary. A 
certain type of reiicarch worker, otherwise ipiite welb 
balunceil mental I v% cannot: be lirougid: tr* the Hccessity 
of placing hk liudings cnrrecliy on reconl. To mo it 
seems purely a c(tmsiion of honeHly that when a man has 
sp(?ut kaO or 1101) of his omidoyer’s money on an invcHlb 
gatioii ho shoulrl place on record t* very thing fVniiirl, 
even if he lias only discoveretl tlmt a certain tiling will 
not work. It lias been claimed, 1 know, that the value 
of a j.ik?ce of research is .sotm?tiiiies inversely profiortional 
to the length of the report, but, admitting this, the 
argument in favour of cotnplete records still lioltls. Tim 
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fUitlior’s'suggestion for recording ideas on cards is very 
Hound, In a busy research department new ideas are* 
so prolific that it is quite impossible to follow up any 
but u small proportion.^ Unless recognition is given, 
however, the springs dry up, and a definite system by 
wfiich tJie ideas are preserved is most desirable. I 
find that such a record kept personally by the head of 
tril departmont is a good incentive to the staff. It also 
^ forms a gold mine for future digging. The correct 
selection of research workers is of vital importance, 
•riie author refers to collective thinking: this is abso¬ 
lutely imperative and the man w^o is secretive, with¬ 
holds his co-operation from his colleagues and is for ever 
watching foj an oj^ortunity of thrusting himself forward, 
is better out of industrial research. The mental ad- 
vimtages accruing from membership of a well-developed 
and well-equipped research organization are, after all, 
considerable and demand in return full and hearty co- 
a|>eration from every member of the staff. As to the 
ty|)e of mind desirable, the author makes some useful 
comments on pages 65 and 66, and it seems to me that 
tile whole matter can be summed up by saying that a 
research worker should be highly skilled in the theory 
and practice of the weighing of evidence. In this respect 
the scientific investigator may learn a good deal from 
the lawyar, who first ascertains what facts are proved 
and then decides what can be deduced from these facts. 

As an example of what I mean, electrolysis does not 
occur where a lead cable is laid in a dry pipe, and if a 
report states that electrolysis was caused by water in 
pipe It may he assumed that the writer has mixed 
known facts with the inferences deducible therefrom 
If ^ f example, but it illustrates 

-i I would suggest that the 

“"I^nt factors in the success of industrial 
mental training of the research worker 
T>r which fusion is successfully accom 

va^. 

’iaaathorha. 

production. It is not c£r 
the development he i 3 e< 8 mK • P^'Per whether 

veering d^^buT^® 1 of the engi- 

engineerine funfctinn tv ^ undoubtedly 

and it may be an ciment commercial 

staff to co-ordinate ^‘^^antage to devote a small 
in conjunction with d^irable development 

takes a mther iSd 

concerned with^ evSon ^rk. betog 

necessarily noveT^ Jfresh, but not 
s«e. The paper of small 

but the auttordoes spec^cally with design, 

of new materials and the development 

j^terials may be woduced these 

!^ ?Mes sfe^TiSSTcl^ 


differentiated carefully from manufacturing • develop¬ 
ment. A considerable amount of manufacturing 
development will be required after the'model leaves the 
development departmftnli whereby the design is prepared 
with due regard to the commercial materials, shop 
equipm#ut and tools available. Development pfocedure 
also varies according to*the motive with which it i.s 
undertaken, to reduce, manufacturing costs, to meet 
the requirements of a client, to iatrdtlflce a new line of 
manufacture or to meet competition. .It also depends to 
some extent on the source of the origifial idea, i.e. whetlier 
It comes from inside or outside thfe works. Valuable 
as models may be in some cas^s, their use is subject to 
lumtations; thus the ^dtformance and cliaracteristics 
of a machine can only be satisfactorily obtained from 
a full-size sample. The author would add to the valrie 
of tte paper if he would define the relationsWp. either 
M it exists or as he conceives it desirable, between his 
development department and the engineering, works 
Md research departments, and indicate how much time 
JS required, on an average taken over many varied 
developments, for a piece of experimental, development, 
^d how much for the subsequent manufacturing 
development The references to indexes of literature 
and information are scarcely full enough to permit 
^equate criticism. The first system is suitable for si 
mall offiM mdex, but there is considerable risk in leaving 
the work to m untrained junior. Working from annuaf 
volumes mtroduceg a considerable time-lag. In the 
more ambitious Wembley scheme there is agate the 
lack Of {(.skilled indexer or Ubraxlan to arrange 
ae aff-im^rt^t key words in the Titles, and to deal 
classification gen^y. it .fa also difficult, to 
aeir maintain up-to-date indexes of 

aeir fields of inquiry. An active library or intelligence 
s^ce Fould a^ at keepfai^ the specialist informed of 
mter^t and so reWevfe him of 
&e trouble of examining quantities of perioOiKil htara- 
tee. or of domg translations, abstracts, etc. Wh work 

teTor^Sfn*"^ ^ “ also involved in seeking 

information relating to new subjects for inquiry The 

inf r^^r effective method of^coSdin&f- 

fof complete dissemination of data 

me S a fSh ^ advance-i by 

^ Society discussicwi in 1919 and 

Appradix 3 The*appreciative references to the value 
+>1 y®®®arch through research associations 

electrical iiuSS 

primarily by other associations, for example tlie Nrm 

a oonlribntioa a ae~ 

al^tion " of development work^ funotion- 

See a Vm" Scott icommmicatei) ■. i want to 

instilments of procisibn a^d be "S^phero ” 
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conducive; to creative engineering work. This can 
best be done in an organization on some %ucli lines 
as Prof. Kennedy Duncan had '' the vision to 
organize'' at the Mellon Instit^itef Pittsburg. Fellow¬ 
ships at this Institute are for one or more years and 
cover the salar 3 ^ of the research worker and eftpeuses 
of materials, but th^ use building, light, power, 
standard apparatus and instrunxents, etc., is free. In 
the course of time»mu«h apparatus has been accumu¬ 
lated from hundreds of researches already carried out, 
so a newcomer is %T»pplied with apparatus and instru¬ 
ments very quickly. Jus1> as industrial operations 
require carefully planned t)uildings and special apparatus 
and tools, and the co-ordirihtion of many factors, 
light, heat, power, voltage, kind of current, etc., so 
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also does technical research require a siiitalih-•fiivinm- 
raent or atmosphere. The inaiti ichvi lUKhilyiiii; ihe 
Institute i.s service to the whole cominiiiiity, ami iht re- 
fore tlie results o£ all rbsisn-cJics are puhlished alter a 
certain periotl of time. Also‘there are clauses in the 
Fellow.ship agreement to prot.H:t the research worlier 
regarding reward.s. As one who has livi-d ..veistras 
for .some time, 1 iftii very gl.ul that tho anihi.r iKis 
drawn attention to (he im|H)rtaiice el thft comitry 
initiating invcntion.s aii.1 impnnenietits Ixeaus.r i.f* 
the prestige it gives ahroad. l hii. people ov erseas look* 
to the homeland to, keep in the van of engineering 
progretss, a.s was the ca.so in the last <entiir,v. . ’ 

[The author’s reply to this discnfxiiT.n \v.ill In- IViunii 
on page 101.] 


North-Eastern Centre, at Newcastle, 12 November, li)2.’{. 


Mr. B. H. LeesOn : As an alternative to reading tlie 
paper, the author lias given an interesting lecture 
desenbing the experimental stages in tlie manufacture 
of certain apparatus. The title of the paper, however, 
covers rather a larger scope than this and I think that 

Kouetron 


of dielectrics, the pliy.siail properti<?s of and 

the high-frequency ivsoiiaiice piitUMunenu whiili ui-nir 
upon a high-tension distribution sysloni iinch*r ati an iin^ 
fault or atmospheric eonditions' nuiy be uu-utitmed* 
as common exatnjdt-s of unseen problems l i.. \ 
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^ <%)ice of the n^e “Development Department” 
enote an. industrial research organization is hardlv 

accepted sense only implies one particular brancli 
^ org^zation’s general work. Why does not 
adopt th. br..d„ title ot TediiS iS 

l>ranch of the firm’s activities and 

relieve them S^alUecSTh'^'d f®“®arily to 

would be as impractS^t^ ’ (which I think 

bat to relieve tiem^^ii undesirable). 
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construction and techmcul qualification..* Tli« ahilny 
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m ■me p^icular article. There is therefore need for 
oftS®SincSlcs?n fea^vlldRe 

under which it ein , a«d the conditions 

the custSier’s*ndnt^«f”“^* elficiently employed from 
whether the a of view. 1 should like to know 

er the author employs sq.ch an orgtiniz.atioii tor 
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the disSeniination of the knowledge accumulated in 
lils development department. The employment of a 
staff engaged upon technical and research work to 
fill brace this purpose, addition to the productive 
and other functions dealt tvith in the paper, becomes 
a sound commercial proposition and an actual necessity 
to any progressive firm. What, in tlie author*s opinion, 
is the monetary limit (expressed, iSr example, as a per- 
, t:entage of the annual turnover) wliich may be economi¬ 
cally expended upon purely research work ? I think 
•that every encouragement and the fullest consideration 
should be given to any suggeij^ion, from whatever 
sjjurce it eminates. A suggestion on first acquaintance 
ma}’ appe^ sm^l and possibly nebulous; its true 
value, however, should not be judged by this, but 
rather by its potential worth when transferred to the 
e.xpert investigator. The manner in which a workshop 
is received and considered may prove, in 
ouuiy cases, as successful an encouragement for another 
to be forthcoming, as a monetary reward. As a technical 
aud research staff consists, more or less, of a collection 
of experts, team work, for the good of the department 
as a whole, is essential. The qualifications of common 
^ense, power of analysis, a keen sense of discernment 
and proportion, broadmindedness and the gift of 
applicati<5n, are fundamental, and without these the 
possession of pure technical knowledge may lead to 
little practical attainment. I fully agree with the 
authors insistence upon every investigation and test 
Imng properly recorded and filed—a point which many 
investigators are apt to underrate. Regarding the 
qu^tion of national, collective, or individual research, 

I tliink that each one is equally essential in its own 
particular sphere, and that neither can dispose of the 
haison between these should be en- 
couraged. co-operative effort, however desirable 
grounds, can dispense with a firm^s individual 
iited for an organization to deal exclusively with its 

f “flameproof” tests upoa mining 
switchgear made at Sheffield University, and I can 

StS, . »«• t-r liM 

and controls when maW '**^05 arranges his circuits 
also staHhe Will he 

with the ^ 

thing thafil^XtSrtS^r 

the ” crest pressur?^ I would 

wouM state why he emolox^ ^ 

which does not conform with th^ “i-^stmg apparatus 
standardized by the^B E 

shown would give no reS,le iSL« ®'PPaiatns 
strength of tl^ oil undS Selectric 
particular examples of resSdi'^*^ 

»nastratcd in the paper I wo,^^ fl«^pment work 
instances certain stages in ^ 

^agps in the developmeht could 


w 

have been either eliminated altogether or carried out 
by the design staff irrespective of the aid of any 
research organization. 

Mr. E. Fawssett I «gree tliat it was an unfortun ate 
national characteristic that we were prone to abandon 
enterprises just where they began to be pC'ofitable. 
Due to abnormal conditibns thi^tendency disappeared 
in war time, but in some directions I have observed 
signs of its return. Co-operatipn" Between firms as 
well as between departments was largely assisted by 
war conditions, and while tliat eifcehtive has passed 
and the national characteristic of •individualism ten<is 
to reassert itself, the trend ^f development renders 
such co-operation increasingly necessary. That thi.s is 
an accomplished fact may be judged from the number 
of co-operative research associations now at work. 
The current issue of the Privy Council Committee’s 
report gives a list of 24 of these, nearly all of wliicli 
have received substantial help fronvthe Million Fund. 
As, however, tliis grant may be terminated after 6 years’ 
work, manufacturers and users (especiaUy the latter) 
TOll have to make greater efforts in the future if the 
industries are to benefit, as they should, from a properljr 
ordered programme of research reasonably unfettered 
by financial considerations. The author sets out a 
riaining scheme for research workers which is probably 
ideal in theory, but unfortunately men trained on these 
lines are often unpractical and erratic. I agree that 
this is the fault o^human nature rather than the type 
of trmning, but I consider that research workers for 
the higher positions (as distinct from*mere intelligent 
observers) are bom and not by ^ny means made. 

I should say that the equipment of a research organizer 
would be aelarge portion of that rare gift " common 
sense,*' another of ” tact " to deal with a diverse and 
probabljT unusually temperamentally " difficult ” .staff, 
and an excellent knowledge of first principles.' I tnink 
that the training suggested by the authof £s hardlv 
human” enough, and in this connection I woqld 
mention that one of the questions asked of youne 
enpneers seeking positions on a large concern witli 
which I am acquainted is : " What success h?d Vifu 
at games at school ? ” The training and experience 
so gained is most valuable in "team work,” and in 
^qumng that outstanding British characteristic of 
playing the game.” . 

Mr. H. Parry? My experience of research is more 
from the user’s point of view, so I propose to confine 
my remarks ip,ther to detail than to general organization. 

1 agree with, the author that buildings should 'tie a.«? 
free m possible from vibration; much time can be 
lost due to this trouble, particularly if one is dointj 
ballistic measurements or using reflecting instruments, 
books of foolscap size are, in my opinion, much better- 
man me loose-leaf system ; there is always the possibility 
of a le^ bemg lost in the latter system. Referring to 
me aumor s abstract cards; if abstracts are too con- 
dens^ ^the information is sometimes misleading. I 
s ould I^e to make a plea for greater support for 
Scimce ^tsfraris. which forms a very complete abstract 
Of me current published science and engirfeering data 
seems to me mat instruments on. 
me author s switchboard may be affected by heat 
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from lus»Theostats, and magnetic fields from his heavy- 
current circuits. I have found iron-cased instruments 
to be in error to" 1 per cent or more due to a lead about 
1 ft. away carrying a current iff amperes. I thinii- 
that an oscillograph or an instrument of that type 
is prefA'able t® the one described by the avAhor for 
studying- switch motions. Ih general, tliese motions 
or their rate of change can be toransformed into electro¬ 
magnetic effects*-fb wtork an oscillograph. 

Mr. T. Carter : -While we must all agree that the 
author advocates a •useful, indeed a necessary, adjunct 
to the acti-wties of InanufaSturing firms. I think it must 
also be agreed that the setting up and the maintenance 
of a research department pi%sfents var 3 dng difficulties 
in varying t 5 rpes of firms. In a very small firm, for 
Example, the head of the firm, personally active in 
directing it, will probably usually have to be himself 
the research department, which is a satisfactory solu-tion 
of the problem, or the opposite, according to the tempera¬ 
ment of the man; in a larger firm, but one still com¬ 
paratively small, there must be a separate staff for 
research, and> the cost of such a staff may conceivably 
be a serious item in the bill of expenses, making the 
firm hesitate before taking any elaborate steps in this 
^ection, and perhaps compelling the combination of 
the research department with some other department, 
which is not always a satisfactory solution. Generally 
tte larger the firm the less will the expense of research 
be felt which leads to the conclusion that research 
estabhshments common to a whole industry, or at 

industry, .and supported in 
comnaon .by the Inembers of that section or of the 
indust^ axe most likely to be fuUy useful. I am 
w,^”+f '‘investigation" wouW bewa better 

n'n r^earch ’ to describe the process dealt with 

r^trrW ® P«fSuito| knowledge by pure^cientific 

• fOT th?«^r discovery of something 

^ discovering it. its nature being often 

utterly unknown; but 
industrial research, so-caUed, does not appear to be a 
lurlang-place for surprises calling for review and revision 

anyone undertaking the 
more Ideal kind of research. Someone, in fact, recently 
as a rather belated realization of the truS 

effecte ofliLww examples of the calamitous 

ar 9 »*made^ f* • ^®^es-tigate before new things 

th^^il “Atestimony to tjie wisdom of 

conceived are or^ 4 . + n, ^nder it, ideas once 

they Jfwhen there ?s no ® 

The scheme is for thn o *^®*“ ®>“lfuUy. 

idea byTeans of .n ° ^ materialization of L 

known point to reach an^^xi*‘+K°^ starting from a 

determffiea puSoi I ^ P"®- 

may come L^here LThT ^ ® *^^at ideas 

VoL. 62 . 


street sometimes as useful a place as any in wliicli to 
let my thoughts take sliape. The aulhor is )i!;lil when 
he indicates that ihougli wu a.s a natiuii priMliu'e js;rcal 
initiators—great men, tliat ^s. with the ji.nvci uJ 
revealing great things llial have been liiihhii imlil 
their time—wo are nflcn weak in applying lln ir mw 
ideas to practical end.s, particularly when ilit! sliiinijus 
of the immediate pi^e.sence uf the initial..r is wit hdi aw* ; 
and sometimes wc have even faileil to ivnlize the. 
greatne.ss of the new work and havt* allow'.*.! (he man 
of vision to starve. Wo have been t*all.*d :i nation 
of shopkeepers: is it lliat we are so busy with t.nr 
buying and our selling that wo will not risk a lit He 
of the present to win a liner future, •iftt l.»s.(v a in.ir.* 
lucrative one ? It is often said that a .-erl.nii p..lili. al 
creed, if put into practice, would slille initiative ; but 
it could not do that, for what is in a man like Newton 
will come out of him somelunv in :tnv .s.irt of . in nm- 
stances. -WTiat is tlumgld. of as likely (.. h.- Niilhfl is 
really the imagined desire of the ..rdimiry man to leave 
things a little better than he found them'; 1 .sonmlimcs 
think that the alleged fear is cspre.ssed onlv to keep lei 
a little longer from realizing that the great ii.ajorilv 
of people have no such desire, and that it c..nl.l m.'l 
exist in the dreadcfd drciimslances because it does 
not exM now. Our nation does in.t nsnally look al 
things from the .same point of view as timl in t he t.aper : 
perhaps it ought to do so, and porhaps ixu-si.slem «• in 
the end will teach it; hnt let ns realize Ihe pr.d.lem h. 
be faced and tlie hattlc to Im fouglu. TJ,,!,,. ,,re 

w'mmi'ny and tra.le ami indnsliv 
of deliberate refu.sals to do insistently needed thiiie.n- 
tliere is too much of the tendency, inborn and inlterent’ 
to travel in the ol.i rut. even when the better wav is 
pointed ouri Coniprotni.se (food enoiigl, N„ 
—tiie.se are common hnl fatal wal. hwords 
against opposing nations with charncleristics thal 

exSSnv™?"*;?'''’'” "Pitiems anywhere, inleinallv. 
externally on the right hand and on the left, ami bniid 
up something out of them, f r members to an 
example of tins sort of thing that was menli..,m.l in 

when It grows into a habit. We are itwlividn-.h. ih-• 
hefrirt "e kept .secret and ^ipart wlnn they .niplil f,'. 

bcvadelyknown—tlungslhat w.mld ad.l to ih,; n.-!H..n‘d 

efficiency and pro.sperity and so i„ the surest wav to 
the prosperity of every concern and llmdly ..rev-e v 
individual in tlie country. Unle.ss w.. iirospir in everl 
unit, any sliow of prosperity is a hollow thing All |Ins 
IS proper comment on the minor whir l, t 
the sort of work that will briitg us’n.ore llosc-ly be.'.'the',- 

r!n «;'’T •■'■r 

Stimulated to greater effnHl'T 
read thi^ i 

that it is wortli acliiiiv(.*ment wilhont feeline 

the ideals \ V*' ^'vory branch of ilie indnnlrv 


be 
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therefore, will be to IkUe hold of the basic princIpU'.s 
as the ph 3 ^icist leaves them and show how such prin¬ 
ciples cA be usefully applied; and to reducts t'nc la ws 
governing them to a forlSi tliat eau be utilized by a 
development department. To take a concrete instain’f. 
&e principles underlying Kapp’s pliaSe*^advancer would 
be worked out in the university, but the actual form 
would be developed in the works. <r6r, again, and as a 
Mnveree c^e, such a reseafth as that carrietl out by 
tte author m connection with liquid rheostats would havi! 
been much better perf(*n!ed in a university', .since he 
was obhged, from limitations of time and opportunity, 
to onut important considerations and to announce 
gen^l results which are only roughly true. It i.H 
obvious ^t co-ordination between the ivorlis and the 
umversifres is much to be desired. Another, function of 
res^ch departments, and perhaps their ino.st 
importeirt busmess, is the training of men to be capabhs 
of undCTtaking works’ research and development .m 
^roughly reliable and scientific Unes. Each year I 
^ more and more impressed with tliis necessity and 

do not ^ount of training required, and I 

do not think that the summary on page (ifi is bv miv 

m^ adequate for this purpose. I find tliat. althouii 
^ IS a fow-year degree course, research men in their 

T lectures and tnUning Yn 

tte apphcation of mathematical functions, as' well ns 
development of the attitude of mind to b; it^oSd ?n 
yd to any research problem toifeds iS thefr 


Mr. F. R. Combes: ^t would seem that greater co¬ 
operation in research work is most urgently needed in 
this country. This applies particularly to the period 
foUowing the ‘' philosophic " research stage. With greater 
co-operation ‘between the universifies and industrial 
4:oncerns, for instance, each would attend to the work 
best suited to its resources, the universities undertaking 
work requiring the expenditure of much Nt pe. by 
thoroughly qualified men, while#the manufacturing 
concerns would carry out research requiring the use of 
^rge quantities‘qf pow-er and apparatus. The final 
development can only be carried out efficiently by the 
m^nfacturers themselves, through the medium of 
suitably trained men with the necessary practical 
e.xpenence. The necessity of taking full notes of aU 
relevant matter during the test has been mentioned and 
cannot be too highly emphasized. During a test the 
operator IS steeped in his subject, but on changing over 
to a fresh piece of work the mental notes of the last 
t^t vanish with remarkable rapidity. The author 
stresses the necessity of highly trained men. and it is 
K practically every important 

his life\ ^ devoted 

possible bv half-watt lamp was made 

Tb? ^ discovenes of Raleigh and Ramsay, 

The telegraph ivas the result of a series of discov^^ 
starring with that of Oersted; this was carried on bv 

r^ult^ 1^’ researches 

resulted m the fet workable telegraph. AU these 
"ttere highly trained mve.«s+iara+rt-ro j _ 


it necessary that a Hicn P^rtments in works renders 
the research 

schools. .It seeLd at w ,, technical 



oy raeans of which they inav' 

years reached?Jew s^e^^\he“2!dt oftii “ 
eive specialization and the teadenn^]^ 


research i,rth7^pKrs.i^r <i«velopments. aU ^7?^ Vrt 

entirely different charar+At- <iepaxtment is of an of the qfafF o ^ ^^8^nmzation, as it frees the bulk 

theUiiiversiJ do S Suction concentrate entirely on pro- 

^ .^Portanee of *'atmosSre designs,' improvmJS^ of 


works. 
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which is in itself desirable, it introduces on the other 
side a number of workers, who can take a broader view 
of the questions that arise, thus counterbalancing the 
narrowing of outlook which specialization often brings 
. about. This consideration shows how important it is 
to choose for th^ development department men'^ith a 
training on a comprehensive basis who can look on a 
subject from several points of view. Such men should 
be, if at all possibte? thoce having experience outside the 
particular scope of* the work. Such men can introduce 
new ideas and keep ?n» touch with developments in other 
factories and other trades, ^n this way the advantages 
of specializafion can be •combined with those of ver 
satility. • « 

Mir. W. F. Higgs : The author refers to the fact that 
we have grown accustomed to abandoning our enter¬ 
prises just where they begin to be profitable. Unfor¬ 
tunately, this is a failing of an engineer. He naturally 
has an inventive mind, ^d one must not expect him to 
convert himself from an inventive to a productive being. 
The author uses the term " mass production.'* I cannot 
remember the use of this before the war; it implies to 
the uninitiated new methods, and to most people methods 
evolved during the war. Without reviewing the whole 
history of production, what better example is there of 
mass production" than the printing press invented 
SIX centuries ago ? The author implies that there is 
not so much scope for industrial research and repetition 
work as in other classes. I disagree ^th him ; finality 
is iiever reached, as the more 4 >ne knows of repetition 
work the more -scope there is for industrial research. 
He refers to limit-gauging, but in my opinion gauging 
IS ^seles§ without .applying limits. When we refer to 
impHed. but that 4 s nqt suffi- 
cient, they should always be stated. The author^-efers 
to ^ university degree in engineering. It is very 
mp 8 rtairt that young men aUbut to enter the pro- 

3T ^ The greet adv.u^e 

leam. The author points out the importance, when 
^ting a proposition, of finding what has already 
^ne in that direction before commencing wik 
indexing is of great assistance^! that 
'worker is at a 

^eate ^sadvant^e to-day than formerly, but I doubt 
ticular t^rrecfi He implies that the par 
SSai^uf is mot at the works's 

amot- + niust remember that formerly this 

“ existence. I am of opiSZ tha? 

•ninn.Tr notice of financiers. Research costs 

is not in<lSS"'JStiS‘‘ o' 
during the last cen+urtr 40 +^ research. Our success 

of industrial rLS^T ^ ^ ^ ^«sult 

Mr. STSr* 

subjeot o( hidnstrial rs«nuoh*h^nJ 
based on a bold anH a*n Sreat value as it is 

put the idea successful attempt to 

laea mto.actuaJ practice. Notwithstandfag aU 


that has been said, and tJie evidence of resear*li at’ti\ ilies 
given in the paper, one lia.s serious doubt.s as iu wlicUirr 
the average British niamifacturer is yet vvliolJ\r »:on\ ineeil 
of the necessity of adopting siitdi measures as are ailvo- 
cated by the author. Tiiere is indeotl absent from main’ 
standard line.s of electrical products tliat appearaiu e i*f 
finality in design and construction Avhich can only I.,- 
achieved by those pdlisc.s.sed of tlie i’is.piisite*eipujiineuf, 
knowledge and technical skill. Moreover. insiTmccs are 
not lacking of misdirected development whereby suc¬ 
cessful designs have Ixieii altered t« tliair detrinu-nt tor * 
the purpose of cuttitjg down weight of maleri.il ami 
cheapening the method of inamifacturc. What maially 
results in thase ciises is a diniiiii.sliiLiJ niiability in 
service which in consecpience increases the co-a ol 
maintenance. The attitude of the British nianiil.u;tnrer 
towards technical rc.search, and his reluctance to pursue 
his enterprises to nltini.ile completion, are not explain¬ 
able by national decajr, conservjitive outlook or teiiipt.-ra- 
mental inability to co-operate; Po.s.sil.ly the .^xpjanat ion 
is to be found in the peculiar traile conditions t'sisting 
in this country, but this leads to coiisidenitioiis uhii.h 
are outside the .scope of the paper. It may. Jin\ve\fr. 
be confidently c.^peetd that willi tin; spre.td ol (he 
spirit of research tlii.s problem will in due time !«■ siis 
ceptible of solution. I agree with the aullit»rsis to the 
impossibility of cpoch-makiug (li.scf)Vfries coming from 
untutored sources, but would go furtlier and adil (hat it 
IS improbable that any such dl.scoveri(!s will have their 
origin ill the development departments of indnstri.il 
concerns. The author atlaclus in.suliii-.ieiit valnif to 
suggestions and ideas fi-oni outside soureo.s. It should 
be remembered that many of tlic articles in commmi use 
have been broiiglit to perfection tJirougli suggesti.uis 
from users, and one of the signs of tJie times is that the 
geneml public are rapidly acrjuiriiig wlial 1 might term 
the electrical sense." The growing use of eleelriiral 
appliances is bound ultimately to open xxp sonreis from 
which valuable suggestions for improvements m.-u- be 
looked for. In tins connection, and .also in its altiliide 
in a works who an, not si.ecilie.dlv 
engaged in development work, the antlior's outlor.k is 
perhaps too exclusive. 

Dr. O. O. Garrard: I think timt the aulliois 
page «4 relating to "private enlerjwi.se " 

tion <"» nrgimi/a- 

workshJ^t valuable suggestions emaiiale from the 

2Sd? nn; r it is desirabk.* thm these 

S ® It is important IrmUstin- 

S tX" an<l industrial rievelop- 

ment. Take, for example, oil switclnsi. An imiiiL 
ted research might concern itself with tiie plitTiumieria. 

The ^velo^*^ elwtric cirensts mHer oil. 

JLhe development department, however, deals with the 

of work is esoeeiin”'^*^^ "* This kind 

switchgear anT^he S connection with 

amende to ol which are not 

just as bi»h a 1‘owever, entail,; 

researcli work 'it 

a^cn work. Ihe function qf the drawing ofhee is 
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to produce designs which axe mechanically feasible and 
capable of being made in the works. The drawing 
office must also embody the tradition of the organization 
and be the repository (jf experience gained in all parts 
oJE the works. When it comes, however, to breaking 
new ground and developing a new piece of apparatus, 
generally speaking, something more is required than 
is available in the drawing office^ staff, and it is here 
that the clevelopment department comes in. Of course, 
there are many draughtsmen who are original and quite 
capable of making (ievelopments. If they show them¬ 
selves to possess this capacity the® they should certainly 
not be repressed but should be allowed free play. Hence, 
I do not tiiink*tbat such a hard-and-fast line as is set 
out in the paper can be drawn. Originality, inventiveness 
2 g:id initative are the things that keep a works going; 
they must be welcomed and encouraged wherever they 
occur. By this I do not- mean that the functions of 
the development department as outlined by the author 
are superfluous. On the contrary, it is because in the 


ordinary working of a factory we do not have sufficient 
of the qualities just mentioned, that a development 
department is necessary and is organized primarily as 
a vanguard of the fSrvferd progress of the works. It is 
the business of a development department to develop 
new iieas, to make new designs, an(^ to produce data 
upon which new desigifs can bse based. There is no 
doubt that developnaent departments have come to 
stay. For their efficient managesnen^ S.nd operation they 
need men of considerable intellectual and educational 
attainments, and they should receifv^e as liigh acknowledg¬ 
ment from industry as does? for exalnple, the commercial 
department. Progress and evolution in engineering 
affairs have to be organized, and a necessity to this 
organization is a development department. Money 
spent there is in the long run the best investment, as, 
without this department, stagnation and retrogression 
speedily assert themselves. 

fThe author's reply to this discifSsion will be found 
on page 101.] 


' <» 

Discussion before the Mersey and North Wales (Liverpool) Centre, at Liverpool, 

19 November, 1923. 


Professor E. W. Marchant: The subject of induS' 
trial research is one that it is very fitting should b< 
discussed by the Institution, because the Institutioi 
has had no small share in promoting such researcl: 
during the past 10 years. The Research Committee 
of the Institution was founded many years ago, and 
out of that arose the Electrical Research Association, 
which later became connected with the Department oJ 
Scientific and Industrial Research. The part of the 
paper wMch interests me most is that dealing with 
co-operation between the indus-fcry and the universities 
in research work. In connection -with any scheme of 
research the chief function of a university is the training 
of research workers, which has been referred to in the 
paper. The author points out on page 66 that it is 
necessary for research workers to be -trained in the art 
of clear and logical thinking, then in research by a 
study of physics and chemistry and, if possible, of 
geology, and lastly, in the art of expression and 
languages. The latter is, I think, very desirable, but 
at the same time one is bound to point out that it is 
a quality very often not possessed by some of the most 
b^iant research workers. It is unfortunate, because 
the fact that a man is not a good expositor tends to 
depreciate the value of his work to the outside world. 
It IS very often difficult for a research worker to express 
Welf clearly, and it is very difficult indeed to train 
mn to do so. At the same time, clear expression is a 
very wportant matter, and he shoxild certainly be 

^ possible. Again, the author 

refers to the necessity for training in the practical 
app^taom of science. I entirely agree with that, and 
V research workers undergoing training 
should be encou^ed to make things for tiiemselves® 

^ associated with the late 
Du^eU m some of his early work, and I thinlr 
his extraOTdmary success was largely due to his 


in the training of research workers in the University 
of Liverpool, and there is no doubt that it i.s of great 
assistance to them afterwards. In the second part of 
the scheme of trj^ing I should also like to suggest 
that more stress should.be laid on the study'of applied 
science. The aTjthor does not, I think, attach suffi¬ 
cient importance to the necessity for studying applied 
electricity. I am veiy strongly of the opinion that 
the a^vantp.ge that is to be gained by a research 
workgr by spending a considerable affiount of his* time 
in studying the appliances which make use of elec¬ 
tricity, is very great. •’Scfentific training ^.caw be j^iven 
quite as effectively by a detailed study of an'electrical 
mad^e as by the study of an experiment in pure 
ph 3 rsics. ** Massed researcli" is a method which has 
been largely used in America and wlrich developed 
rapidly in this country during the war. By h^vin^ a 
group of men engaged on a problem, much more rapid 
progress is often made than by the same nimajer of 
men working independently on the same problem. 
This method of attack is bqund to develop as industrial 
research progresses. 

Mr. J. G. Pearce': I would suggest that develop¬ 
ment work should be regarded as a *'loaS equalizer'' 
for the engineering staff during slump periods, m then 
the time and equipment are available. During pros¬ 
perous periods when money is availabje for dey^op- 
ment work it does not get proper attention. This 
involves a regular and cpntinuous development policy^ 
1 should be glad if the author would deal with the 
foUowing questions in his reply; (I) What relationship 
exists , in his works, and generally what relationship 
does he consider desirable between the engineering, 
manufacturing, research and development departments ? 
(2) Where a progressive firm pursues a continuous 
development policy, what annual sum expressed as a 
percentage on profit and loss or turnover should be 
set aside for research, experimental development and 
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maniifactuyinj^ tlevi'Ifiptm'nt ? (.'{) What lime 

<loes the author (iiifl is rfi|uii'i‘ti fur e.\|irriiii('tiial 
dovoloijnunit. uf the kiml In; .Ics.-i iIks amt f.ir the 
subaequonl inaiiufartiii iiif; ilev.-h^muMit ? Aii.1 ( J) what; 
• metluKl (ir syKtein ran lu- ivmmuni'utl in a works for 
<lctermitiil^f' (levckipmi-nl jiolh y, Iwaritijj in miiui tlial 
<lt*V4*k*|^ni*nt tamit* trotii outside iiivm- 
tore, from eu};iiM*frs and sali-siucn in the ••omuauv. or 
from clii'rits ? • ^ • 

Mr. J. H. (’olHe^: While I af;ri-f tliat a research 
depart men t is a veij-'necessary adjunct to niainifae- 
tiirlng iinns, it appAirs jo*nie iliat oidy the lai}«(T 
linns can afford to run a ilepartinent of this kind. 1 
think it woiihl 1 h‘ a flood .s»,lu'nie if there wiae some 
public research department which woiiM for a fee 
carry out tests on apparatus manufactured by .smaller 
lirm.s, and which wonki i.ssue a cert iticati- that sm h 
tifiparatus had Injcn duly' testefl and found .satisfactory'. 
Such :t. certificate \uoiild assist users in f'etthifi relkthh' 
apparaln.s, and afford .soiiu! Kiiaianlee that it woidtl 
function satisfactorily nndcr all coiulilh.iis. ‘fliis mii'lit 
remove .some wf the .shoildv apjiaralus at rirese'nt 
on the market. 

Mr. B. L. Myer.'Mr. Pciirce has raised the rpu-stitm 
as to who and what .slionld rietermine the parliiailar 
line of tlevehipment or research to l«* inulerlaken, 
and 1 suggest that usually under coimnercial e.<indi- 
tions the (•conomic. fachir determiin-s it. In otln-r 
words, •w'ill the result b.i a piolikid.le one i> The 
person or f.er.s(.iis generally re.s]smsihle f..r d. I.-rmitiing 
whether mav d.jyelopments slnndd he.„-inhaiked upon' 
must <»t iiecesslty 'lake this r.;sponsilnlily. 1 think 
the issmomic facl.ir is om* whi. h the author .sliouhl 
examine closely in coiinisdion wilh this m.^ter* 'I'he 
point *riused by Mr. follu! is also of interest from an 
econo^iic standpoint, berau.s^' it appears to nut that 
-such res(!}ftclb laboratories .is h'lve Ik-oii indi.ab-d in 
thtj, lantern ,slides are only within the re:n h of sneh 
concerns as have vfist re>>oinee!i of cit|>ital. I'ethaiis it 
would be useful if Ihe imivia-silie.s were in some wav 
provided by means of (lovei ninent funds to enable 
lliefli to. act for the smaller firm.!, who could snlmiit 
then- problems to the .‘ipeeiidly' .skilleil people in Ihe 
umvertSly, to be dealt with on their l« half 
Mr. O. C. Waygood; The ehief work of iuiy re.sf'iireh 
orpnmition shonhi be to ..scan h for knowledee or 
iiifarniation concerning mannhictiniilfe pioce>.se.s' the 
selection. of ^materials and the niili/ation of waste 
by-p<ndncts, leaving the actiinl developniimt to the 
engmecIVing staff, who by their training ;1,„| exjuTience 
arc best able to deal with .such problems. VVhat in 
the authors ojrinuni would be the .hief work of the 
^volopment department ? Hoes he mean that an 
^ployee anxioius to put some; new sehenie forwwd 
V’ tI''P»rt merit for them 

other hand, would employees Iw willing to divulge 
their secrets if .such a sy-stern prevailed, esiwcially If 
the^idea^T^ »t was for them to carry on with 

thr nroduil r"* possilde branch of 

t e products of an mdH.strial organization ? Apart 


from the impossibility of orgaiiixing sin h ;i dejiartinenl. 
the <ialy plaee lor the devirlojnnent of ;iny new idea 
IS in tile environment of the dep.irtinent set aside for 
that particular product. The, jmtlnu- on pace IH 
points out th;it dniiighlsmeu iind foremen are ex'pn.scd 
i ,V.! t«‘mpl;i(ion to e.\perini.-nl for 1h<>niselvis, 

; I here re no re:isoii why this should not be ... 

i piovided It is coiilined to .senior :in<l tlnslwoitin- 
! emiiloyecs, and to hin<ler or prevent it in any w;iv 
I would be kiial. New lUwelnpinenls ;ire not being 
I evolvrel every day and so would no? niidnlv .lisorganize 
j the work of the d. paiitmenl. On page l!!l the author 
■ suggests tlmt a linn desirous of making e.iiitaelor gear,* 
for eN.ini|j|e. and not having pieviouslv.cfone wo, should’ 
pnl this 111 ,h:ii-g.; of some snilahle' member ..f the 
slalt. clo.se study of the iidvertreemcnt colnnnis ,4 
the tcclmir;i| |>re.ss .suggests olhi-rwise. On page 73 
midei ••Cuonlimition " the aiilhor crilieizes a scheim' 
propos.Hl some years ago whereby evm y reseiiich w orker 
whether in a nniver.si(y or works kiboralorv would 
w..rk mi.ler a staff appointed by the Coverimienl. lie 
I'ondeiiiiis this sehi'ine and .suggests Ih.il it would 
slille researeh. I quite agr.s* with him, hiit if he doi-s 
not like Hire pjirlicnlar Coveniment .scheme, whv 
I sngge.st Its ;ipplie;ttion in .1 smaller degree in indirelrv > 

I ft is for Ihe indnslrial ronceiiis to oiicoiinige their 
I eini.l.iyees in .levelopmenl ami .suggest, in the hiierest 
I of e;w:h. ideiis which will eventmilly heiielit the whole 
, and so keeji eleclii«il engiiusring development in 
I the forefront. .Ad.im .Smith hi •'The \Ve;iHli of 
i Nations," iviiiiuks; "The w;iges of labour are the 
einonriigeinent of inditstry. whi.h, lik.- ev.-ry other 
: hmn.ni quality, iniprove-s in proportion to Hie eiiroiir- 
1 it 

' Mr, W. Hoittum : Tin. aitilior siati-s in Sue ti»m IV, 

I m jvfnn'mi? tn t!in tin? prnKfiit p(<sitiun, that 

iiiin.Ii iif thn \nimivr wiirk of IVitiKh iu wntiaUi in built 
upon by natioiiH ratlinr than hv nur <nvn, and 

points out that, whilir iitilivMual work stmtIs up to 
a lit‘youd that ftiilnt t:o operation, and ro-oidiua* 

tion ftf thi* n-adlsof dillort.ml vvorkuf.s are u iif(vssitv 
for pro^pvss. In Hwihm Kill h* mmmrnin rjitln*!* 
cautiously on the imsitis of coaadinatitui inarh* posr;ilih* 
by Hocirtins, iJir,; Klcctncal UiAscarcli Assoriafiun 
publications, etc. Ncvcrtlidess, the fact may as well 
be rccopu^^cd that a lai*n»* b^opoition of thciumcfui 
research wurk driiic is caivfuJIy t;uardc<l foau publii:itv 
lor conipctitivc rcasfius, ami tlicnc must, thcivfoiv, 
bu a fpual deal of fjvurlappin^r of cmlcavour ami 
iiiclhcicncy of utilization of the sum total of the rf‘sults 
obtained. It is Jiaid to sen how ihis statu f»f altairs 
IS t<> bu mdhied, .since thr* UfUfIs of individual tinns 
can in many casus be best mt»t by theur own individual 
rm.‘ardi work, and iJmy arc naturally ktah Ul uivi? 
away tlu* results of tluur cxpcimmr.c. It evident, 

hnwcv(*r, tJiat a systmu of frci^ intcichaiii^u? fjf know- 
h*<lgu would lituicfit industry in every way, ami it is 
probaWy at fallacy to think that uiiduu prospcrilv 
woukl attend the business of the selfish niaiiufactun*r 
who tried profit by nilimn^ the brains of others. 

If It waire not that a great deal of the information 
which IS altempiefl to be hidden leaks out or in iinavoid'. 
ably given away l>y the manufactinred product, progress 
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would be far behind its present position. I think 
that a s^^stem of free interchange of information might 
be initiated by the more reputable manufacturers in 
each line of business, j,nd it would be a step fraught 
with great possibilities. 

Mr. J. A. Morton: The author mentions that pro- 
g[ressive standardization has opened the way for 
quantity production: he miglift also have added, 
. '* and development.” This is vrell illustrated by the 
British Standard Specifications. The formulation of 
‘ these Specifications gave manufacturers more time 
to devote to other problems. * For instance, before 
electric light cables were standardized, different makers 
employed«diffcijpnt thicknesses of insulation, lead, 
etc., consulting engineers had their own pet specifica- 
^ons and consumers their particular fancies. The 
Cable Makers* Association took this question in hand 
and standardized the most common cables, which 
was a great gain to everyone concerned. Later on, 
the British Standard Specifications were produced, 
and these provide a solid basis for further develop¬ 
ment. It is not clear to me how the head of a develop¬ 
ment department (though he must obviously be some 
sort of superman to perform all the duties which 
the author lays on his shoulders) can himself deal with 
all sort^ of suggestions made from the selling side of 
a big business, from consumers and from workpeople. 
He needs to be a man of university status, as the 
author sa>^—^meaning, I suppose, exceptionally well 
educated and not that a university education is a 
sine qua non. There are many men who have done 
good research work without a university education, 
al^ough there is no doubt that the grounding in first 
principles ”which such an education gives is very useful; 
still, this does not necessarily give a man an adventurous 
and initiative mind such as would be required for the 
head of a development department. Professor Marchant 
has referred to the question of the necessity, or other- 
WKe, of the research engineer knowing several langpuages. 
My own feeling is that the most important thing in 
these days is for the engineer to know thoroughly his 
own language and be able to express himself clearly 
in it, if not by the spoken word at least by the 
written word. The quality of the English employed 
m many engineering reports and specifications is 
extren^ly poor. The ^thor’s arrangements for the 
recording and filing of engineering matter are very 
good indeed, and his suggestions seem to me to be one 
of the most useful parts of the paper. As an instance 
of the value of research, I can speak from experience of 
the great usefulness of the research work carried out 
under the direction of Mr. Wedmore on the heatinr 
of bmed cables. Before this work was put in 

^ormafcon on the subject was scattered and 
^otic. It bemg the result of uncoordinated efforts 
made by various individuals all over the world. The 

particular piece of r^earch 
tote helped both consumers and engineers even more 
i,W “akera and have given us definite conclu¬ 
sions put forward by an independent authority whose 

* standing that no private cSlusions 
could be expected to have. ix,.i,uaions 

Mr. R, G. Devey i I feel sure.that the introduction, 


of research and development departments r* in manu¬ 
facturers^ works will assist greatly in the manufacture 
of really first-class materials and plant. A few years 
ago, the designer ifi m works produced what he con¬ 
sidered to be a suitable design of a piece of apparatus 
or pl^t. This was sent in to the works ^lo manu¬ 
facture and then pass^ on to- the test department, 
the apparatus beings despatched to the user after 
obtaining trial runs witli certain '^r&ults. It appears 
now that by the introduction of a development 
department a piece of apparatus 4s^made up in a rough 
form, and afterwards modified ^nd reconstructed to 
give as near as possible iefeal results, these results 
being returned to the*dfawing office. The final designs 
are then evolved from known results, after which the 
apparatus is tested and sent to tlie user. As I hm 
rnainly interested in the use and operation of electrical 
plant, I feel that it will be a great advantage to the 
user to receive plant which has bqen thoroughly tried 
out before and after the final design and before it is 
despatched and put into commission. The results 
should be very much more satisfactory rwhen the plant 
is put into commission, as it must be remembered tliat 
failure of any plant in power stations, works or factories 
results in loss of output. I should be glad if the 
author would give his opinion in regard to the control 
of a works development department, as unless this is 
properly controlled it is quite possible that apparatu.s 
may be developed and a good deal of money spent on 
it, and when finally finished the article is not required 
on the market. can quite understand there are many 
officials in works who might consider that ^the control 
should be theirs. The company .with which I am 
connected control their developments by means of a 
development committee. A useful afid broad develop¬ 
ment pommittee appears^-to be necessary and might 
be- formed of an el&trical engineer, a mechanical 
engineer, a steam engineer, a chemical qpgineer, the 
tecl^cal manager, the production manager and" a 
chairman with a very wide experience and not too 
young, but with a committee formed of energetic, 
well exp^ienced younger men. One of the prevfejus 
speakers in the discussion referred to the system of 
passing technical papers through various offices in 
works; if a busy engineer is in the habit of receiving 
about ten per week he finds it impossible to read them 
thxough, with the result that they are generally passed 
on. Perhaps a more satisfactory method is to circulate 
abstract t^en from the technical papers*! Tfies^ can 
be obtained by means of a suitable man who cafi malce 
^stracts from all the leading technical papers both 
English and foreign. It ^is then a simple matter to 
ook through the abstracl^ and select any particular 
subjects which might be of interest to eaclj, official of 
the company. The author appears to be very uncertain 
^ to, value of suggestions. I agree that although 
It IS difficult to get the whole of the works employees 
interested in a scheme of sending in suggestions, tliis 
be done provided the matter is properly handled 
^ the company. When a suggestion is put forward. 

It should be carefully considered and if* it is of no 
value then the reason should be explained to the sug- 
gester. I am informed by the company with which I 
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am conijected that they have received during the past 
4 years approximately 2 000 suggestiorls. Out of 
these approximately 22 per cent were adopted. The 
success is in my opinion duei* t^ the fact that for all 
suggestions adopted a suitable monetary reward is 
grante4, the ^mount being commensurate -with the 
value of the suggestion to* the company. Whilst a 
large proportion of suggestiops are useless there is 
bound to be a 4arge <^umber which when investigated 
must have some real value. In one case wliich came 
to my notice an ^JJeration to the shape of a piece of 
metal in a particular machine was suggested. This 
resulted in the output^! the macliine being increased 
owing to the number of spt^ite '' being reduced. The 
cost was a matter of a few shillings but the company 
was saved £100 per annum. In another case a suggestion 
was put forward to make a certain improvement (not 
a costly one) which enabled the work to be carried out 
in one operatioi^ instead of two. In this particular 
case the output amounted to several millions of articles 
per annum. Suggestions of the latter type are most 
valuable to qpmpanies, as they lower the working cost, 
reduce the capital outlay, improve the efficiency of a 
works and play a useful part in the balance sheet. I 
should like to suggest to the author that whilst better 
work and results can be obtained in a development 
department, there appears to be little hope of obtaining 
results such as are obtained in works using plant 
continuously after it has been installed. Results 
obtained in a development department must of neces¬ 
sity be only short-period results, and whilst apparatus 
IS probacy tested* to destruction the^results in ordinary 
use may be. considerably different. It rather points , 
to the fact that there should be sqjpie form of 
co-Qperation between manufacturers and users of 
.plant, and I have in mind that most large power 
staHons. aijd large works •keSp a history log of each 
importafnt^ item of plant in which the working results 
^e entered from time to time. 

Mr. A. E. Malpas: The opening statement in the 
paper emphasizes the changes that have taken place 


ence is made in the paper to Faraday’s work, at id ii 
happens that exactly 100 yours ago pr4i(lui;t*tl 
chlorine and liquefied it in a closed glass In lie, using 
the chlorine hydrate as a carrier. It has lalasi jiIiiulki 
100 years to develop liquid chlorine, wJiich has haif Ut 
wait for the employment of electrical methods in flie 
chemical trade forfts application in indusirv fo 
a practical and paying proposition. A Aw ligmes 
relating to the Geraiaii production of ehlc>riiu; hy 
electrolytic methods may be of Jntere.st. 'i'eti leadiuft 
German works last year produced by e lire t roly lit: 
methods 6 600 tons of chlorine per nioalli, of wli^cli 
quantity more than 33 per cent \va^ Jiipu^lieil, su tliat 
the daily output of liquid cldorine in CJeriuany is 
probably over 80 tons per day, wliicli shows that iJieir 
industrial population must to a large extent he fully 
employed. With reference to the remark on [iagt‘ 72, 
in the case of a particular installation wr>rJiing jit, 
60 000 volts the insulators were fixed to their jihis 
with litliarge and glycerine, which in eour.se of lime 
expanded and caused the insulators to crack. Can 
the author state what was the particular Irouhle in 
the case of the transmission lines of tJie Colrridf{c 
system ? 

Mr. C. Rettie ; Thu recomnicndaiiou* that the 
knowledge of foreign languages should be cultivaled 
is very important. The late Silvuniis \\ 'J’Jioiiqisnu 
was a great linguist, and we owe much to him tu-duy 
for the knowledge which wc po.s.scss in nion: than 
one scientific branch. I do not wish to quvsiUm ihu 
work done in the laboratory, but it is only hy the ntmiv 
of work done by others that any real advance mn be 
made and in this connection the knowledge of at leiist 
one or two foreign languages is essential, I shoukl 
hke to add to the author^s Bibliography, - Kiurord rif 
Science,^'by Wm. Warner^Bishop, published in Svieiwv, 


(The author’s reply to this discussion will ]jc foiintl 
on page lOL] 


North Midland Centre, at Leeds, 27 November, 1923. 


W. M. Selvey : T^e paper deals with the link 
between what is ordinarily known,ks "research," and 
ae pro^ of producing a finished article. For years 
I fiswe- had exp^ence in that kind of work, and have 
genially found it to be quite unorganize’d. It is only 
^late yeais that an organized sy^em has been employed. 
The workshop stafi in the past have often met ^th 
^culti^ in translatmg the ideas of the drawing office 
. mto ^ctice, and the result has been the development 
of what was often known as the " trouble engiLer." 
The expOTence of this engineer was then fed back to 
tte (kawmg office. Now it is beginning to be realized 

can Tia of smaller apparatus such trouble 

can be anticipated and corrected before the article 
leaves the works. Those of hs who have been counted 

lareelv har^/J, u *o claim that industry has 

laxgely borne the burden, and heat of the day. and wUl, 


I think, continue to carry some of the lo;ul, t.v,-n if 
orgamz^ research on the alithor's jilan bw 4 >nu...s emn- 
mon. On large generating plant and .switchcoar <lic 
supply industry alone can provide tJic necessary com.. 

out at all. r have in mind the recent exneriinenls n 

S’Tv' difliculty in the siulhr.r’a idr.i 

1 nking research and development. Sir Itilm rh.«.. 
^ce. m Ws pr^idential address to Ihi^ l usSltion oi 
M^hamcal Engineers, expressed the view that most 
patents ^e worthless. Yet the modern .st 1, to 
individual effort often lies in the idea of a sud -i "di! 
covery rmd a successful invention that willch he 
nventor’s position rapidly and completely. LEelil- 

even^ft remains a fact that 

even aftei many co-operative workers have produced hv 
aeir efforts a fairly satisfactory artide, Lme SLS 
uggestion IS made which turns it from a qualilied to 
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a complefe suJcess. What is the proper reward for such 
work ? If it is nothing beyond the steady salary and 
the satisfaction of self-sacrifice in research laboratories, 
then I think that the most individual and brilliant man 
will still endeavour to wSrk independently. To offset 
this difficulty there is, however, certainly the asset of 
preventing the production engineer from dabbling in 
pefcy research on his own account, thereby wasting time 
monej^ as has far too often been the case in the past. 

Mr. W, H. N. James ; It seems to me that if the 
dhgineering industry to make progress in the future 
we must employ technical and scientific men and use 
technical and scientific methods to a much greater 
extent than;^e hage done in the past, and I feel that 
the importance of this point of view is not often realized. 
FurthOT, I think there is need to educate the public 
mind in regard to the value of technically and scientifi¬ 
cally trained men. I was very interested in the author's 
remarks in regard to the qualifications of the research 
man, particularly in connection with the statement that 
the man should have the ability to refer matters to first 
principles. I think that a good many engineers do not 
realize how very helpful first principles are ; a loiowledge 
of first principles, combined with the necessary faith in 
them, often saves much work or doubt. Occasionally, of 
course, wetnay find that the first principle is not effective, 
but that means that a new discovery has been made. 

I wish to endorse the author's remarks with regard to the 
need for completeness in the recording of observations. 
Definiteness is important, and in this connection the 
author states that the standard test of a fuse is to 
connect it across the mains with the containing case 
connected to the positive, and then to close the switch. 
This is an example of indefiniteness; the test would be 
very severe if made near the power house, but much less 
so if made a considerable distance away. The author 
states that pure research has been largely done by workers 
in university and similar laboratories, and I think that 
technical research also can be done there to some extent 
if the requirements are made known. In that case, of 
course, co-operation between the works and the univer¬ 
sity laboratories is essential, and I feel that there is 
room for much greater co-ordination between tlie two 
classes of workers than often exists at the present time. 
With regard to the method described by the autW for 
obtaining; the time of operation of switches, I had occa¬ 
sion some time ago to test Jb overload relay. Tliis relay 
worked off a current transformer, the full secondary 
current of which was 5 amperes, so that 10 amperes on 
the relay corresponded to 100 per cent overload. The 
test was made by taking a double oscillograph and 
connecting one strip so that current waves through the 
relay were shown from the moment of closing the switch, 
the otheif strip Jheing connected to give a movement when 
the d.c. trip circuit contacts were closed on the relay. 
The load on the alternator was very small compared 
wth its total capacity, so that no appreciable change 
in speed took place on closing the switch, and by taking 
photographic records and counting the number of 
waves occurring between the closing of the switch and 
the closing of the tripping contact, the time of operation 
was found with considerable accuracy. The lantern 
slide exhibited by. the author showing a galvanometer 


room, prompts me to as£ if he can recommend, a type 
of galvanohieter lamp which, while not being too 
expensive, will permit of use without making it necessary 
to darken the room iftal^rially. 

Mr. A, F. Carter : I should like to ask the author 
what is ffche relation between the drai^ng offitf^e and 
research departments. The papej" appears to imply 
that the drawing office has the final word in design, and 
this may not be advisable. Much^coificfc be done by the 
research department guiding the drawing office in such 
a point as accessibility. If the d^^aghtsman had to 
spend, say, a fortnight per annum on practical work in 
the pit bottom, boiler house anG such places, he would 
no doubt remember the •difficulty and would design 
accordingly. 

Mr. S. D. Jones ; The building up of the finished 
apparatus as shown by the lantern slides is a strildng 
illustration of common sense applied to the operations 
of science. The author lays great ^stress up.on the 
research engineer, but I feel that a ^eat deal of the 
success in the examples shown was due to the draughts¬ 
man, who would often be still more successful if he were 
more in touch with the men who had to operate the 
apparatus. One is often impressed by the simplicity of 
the final result as compared with the initial design. 
The plan of perfecting a design before putting it on the 
market is, I think, the right one, and is the method 
employed at the Ford motor works. I think that one 
great secret of success in making plant and apparatus 
lies in all those who have^to handle it being thoroughly 
familiar with its working; and^consider that Ford's 
metliod of training his apprentices 4s the rjght one. 
They enter his training schools at 16, and everything 
they do^in galculations or model- or pattern-making 
has so^ie direct bearing on the work oS! motor making 
and is utilized in the works. Though at school, they, 
axe paid for the work wkiclf they perform, and thrfe a 
sense of reality is given to everything that they^do. It 
has been said that ideas are evolved in England but that 
very often the Germans develop them and bring them 
to commercial success. For instance, aniline dyes were 
first brought out by Sir William Perkins, but chie% 
the Germans have developed them. One reason fen: this 
state of affairs is that the Germans have a more orderly 
naind ^d a greater power of organization for working 
out things in detail. There ig, however, another factor. 
The author makes a*great point of co-operation. In the 
past the practice of obtaining expert workers at a low 
salary has been too prevalent; and I once^heardTfhe 
manapr of a*large works remark that when he wanted 
a designer for his plant he engaged a " tame mathe- 
matidan." This ungenerous spirit towards the man of a 
" brainy " type, who in many cases is not so capable 
of looldng after his own interests as the commercial man 
is, imlitates against true development' of (iesign in 
macMnery and apparatus. Every type of intellect is 
required to bring our industrial operations to a higher 
pitch, and even the ordinary fitter at a bench can give 
ideas to the research engineer. I think that the author 
attempts to define too closely the different t3^es neces¬ 
sary to carry out the work of development. This is not 
practicable with the British type of mind, which refuses 
to be put into cast-iron compartments. Any suggestion, 
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no mattcrjiy whom it is maiit*. slmiiUl W iriiil fur wliat 
* it is worth and, if us^diil. shiudd l»i? not 

necessarily in inofiry, Imt in manner. If 

that were more often iJune, a advaiiee woulil be 

, 'made in the industry of onr lumiitrv, 

Mr. M. L(>|igm:m : W itli ivl. to 
from workmen auti iiifiiilxT.s 'Ttf iIr. s(.,it n. improvt?" 
mcnls in nit-dioil, utr., I Itavi* JhmuI t'omjikiiiiis fmiu 
various works of*i'hifjuiislions lifjui; atlopii-il witlmiit 
the sJiKhtest acUnowUslKiiiciH to ilu* authors t»f Urn 
same. 1 think tli:i\'*s*>nu< arkiiowli’il.i’iiieul, wiii-ther 
monetary or merely verli:i4. wtmkl U* mnt'h appre¬ 
ciated. 'file .intinn- reh.-A on p.iije Ut to a new rever¬ 
sible .sletim turlhne, and 1 wAtHer wiietln-r it is the 
siinie iile.a that wa.s mentioned to me ‘.ome year.s :n*o. 
The device would probaldy work, but nndoijbudly 
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with a very low eliicieiicy. It is esseiitial*to |.,;t tin, 
view.s of those who Jiave to operate the ap|iaiatns, as 
the latter nni.st not only be correct electrirallv 1ml also 
o| correct mechanical tlesiKH. It is also essenlial for 
r.-seardi eii-.im-er.s to study holh the failures and il.e 
snriesses. ri,e correct idi-a inay be j.reseiit m ih'e 
failure, and it m.iy only nspiin- projier tielails to coii- 
veil tile failure iiito'.a sn(;ci‘s.s. 1 was verv iiitiTesteJl 
m llie untlior’s views re;*ardinK the keep'iii!; and 
nnle\in(4 of notes; this is most eftsenlial, for .illiiou^^h 
.1 .siili|(s.t may he livsli in one's, mind uliili' one is* 
acinally ent-aKisl 1111014 it, with so many thinjjs Miner- 
veiiiii,!' It IS iin|(ossil,|e to cany the details in one'< 
heatl. 1 ai-rw with Ihe author as lo^Uu, lue of brick 
fmnidiilutn.s iiisle.nl of coiicreic. In .some cases it is 
even advisable to insert a thick layer of rnhher. 
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Mr. W. Wilson {in reftly) : ISefori* loie.ideriiijt the 
paints rai.sod during the discussions, I .shoiild like to 
■oxprc.ss my appreciation of Ihe .support that the paper 
has rcccivctl from the muiiy anthorilative .siieak.ns in 
London and the Local fenlres. l.hiite a iiimiher of 
statements and arttniiietiis had Iws.m iiichnled in the 
expectation that they woitlil meet with considerable 
opposition, and the .syinpalhelie ht?arin« which they 
have received h.as hewi’' the more fjialifyiiie on this 
account. , • • • • 

I propdsc to deal with the discussion niiiler vaiiou.s 
heads, as follows; - 

Scope of the fCtihjirl,- A number of spisikers have 
cnticized the scope of the paper ;ts beiii)! eilher too 
widy'or too narrow ; a iKde <is to the former was 
however.: niailc in Section XIV (" Condnsioii ”). it' 
shhuld be pointeil out,, lirsl, that the intent ion l.as been 
to appeal especially to llio.se maimfa. tmers who have 
not employed orfiauized devdo])nient or re-asirdi to 
S'»my*thom with nrKuineiils why Ih.-v should do’.so. 
and. as far as po.ssit.lc, to provide the iiiformalion and 
data Bccdcd for such an niMl.,i lakinj.. |„ this, a firm 
of moderate or small si/c that woiikl reifuin; or pn-fer 
to start in a .small way was,p.irti. niarly Imriie in mind. 

ilnL! “ci »'"« «< more cmii},re- 

txi)c,riteiu.ed lirm that may sidalivale .nid .specialii’e 
as mdicutcd by Mr. Fleming. Ssondly: £ inLt 
ments ami principles have Imen illustr.ifetl hv e,samples 
of dovclopmen.t from my ,nvn personal e.vperii4c 
^uch has included shell fuses ,imi swifdn-car, as w.rs 
«xplaino<l and .set out on paf-u (‘..'t. J entirely .nerec that 

Seated bv ^ '*>■ ««‘l 

nclicated by Mr. Moinni«. u will be to the Iwnefit 
of the industry if this paper is fnllmvisl by others on 

dlferent nature from switch and control near Tlie 

in that full- 

dels are in general readily made and modified. 


I and llms the full course of devdupineul is possihle 
m Ihe l;ilH»niIury itsdf. 

.V»w<«(/n/nrc. Several suf-geslions have Ussi made 
a.« to (he definition of terms employed in cmmection 
wifli research. In addition, minor disagreenieiilK have 
been e.spressed with statement:; in the paper, and these 
liavi; in a immber of ca:ies been due to ilifferiin; infer- 
pretalions of the teriuinology. l-or e,sam|»ie, .Mr. 
lalersoii objects to my account of the genesis of an 
idea; Imt, m;verlhele.sK. I lind myself in eurdial agree¬ 
ment with his statement of the ea>a*. V.inneiies'; in 
the meaning of terjA; is iiievilahle in eoiinectioii with 
a comparatively new .subject, and eonfusion at this 
stage IS the usual experience. With a view to clarilviim 
mailers .somewlial, therefore, I venture to e.^iness inv 
preference for the terms " T'riuiarv or ^'lmdallll•ll1;d.•' 
Secondary or .Appliial," and " Tertiary or Technical," 
for (he three orders of research asdeserihcfl in .Section 11, 
le.iviiig (he compact but iiiisatisfactory term '* Pure ” 
out of (he list. Scienlific research 1 would deline 
as rese.irch in .science as distinct from n<si;arch in hislorv, 
law, ete..; industrial r(.>serirch a.s that airried out in 
as.sociatioii wilh industry; pliiloisophie re.seareli as lliat 
nmlerfalmn purely fw the esiensioii of kmmledee ; 

ultlitariun n‘.s(*nrch uT;U. fnr it.!* 

the utn|niHitinii ni uf fiirm;!. Infiiubf to niiin^ 

kind. It will be observwl that the last two (,rms are 
ant If beta:, Imt none the le;« they dilfer essenliallv in 
motive aloim. According p, iiu.«. d,,n„iti„„,j jt i.s 
aetHfdly possible for a re:M;:ml( to be both iiidiiiifrial 
and piiilosophio; f„r p, m conceivable (hat .hi indtistrial 
tirgniii/atioii^ may on occasion permit a ri“i*::trch worker 
to Hati-sfy hi.s own personal im linnfion in piiT.suiiiK jin 
investigalion along a by-road Hunt proini.ses no imnu- 
iliate financial advantage, ft will also be noted that 
I Imve used " Devebpimmt" in Section 11. to denote 
" order of research, and do not 
at all intend llu: " Priiimry " to Ini restricted to non- 
mdusfriul estalilishnients, the procedure in Section 11 
having UKlewI lieen qualified as merely "typical.” 

It IS, however, iinposHiblc for an isolated works research 
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depErttnenf to confine itself to one of these three orders 
of research, whatever may be the principal object 
of its existence. I must confess that I do not care 
for the term " grade ’’ employed by Mr. Greedy, although 
he has not imparted ^Iny ulterior meaning to it. I 
fiave, however, heard a speaker stigmatize research 
connected with a works as ‘‘ low grade,” as compared 
CWth high grade ” work done i» a collegiate institu¬ 
tion. If ^ould be recognized that the whole process 
of producing a new article, wherever it may be con- 
‘ duct^, is carried qpt by the appUcation of the fiame 
principles, by the same t 3 qpe of men, and, as Dr. Garrard 
Jias pointed out, by men requiring the same standard 
of intellecj. IJoj ihese reasons I cannot help reg^arding 
this use of the work as offensive, and would prefer to 
substitute “type” for “grade.” Apart from this 
pomt I am quite in accord with Mr. Greedy’s classifica¬ 
tion, which amplifies my remarks on this heading. 

Relationship betwee^i development department and 
factory organization. —I have been asked by two speakers 
to formulate the. relationship between the develop¬ 
ment department on the one hand, and the drawing 
office and oth^ parts of the factory on the other. The 
general principles should be intimate contact, willing 
collaboration, and absence of red tape ; and the general 
attitude* of the development staff should be that of 
consultants, who afford advice, information and data 
when r^uested to do so. The exact nature and scope 
of the inqi^es depend on the individuals and on the 
staff organization at the particul^ factory, but definite 
rules may be laid down for all cases. These are, first, 
that communications should be as direct and informal 
as posable; secondly, that any suspicion of a “ superior ” 
or highbrow “ demeanour on. the part of tihe research 
men must be carefully avoided; thirdly, that problems 
should, as fax as possible, be solved in collaboration 
with the inquirers, and due credit carefully given to 
each participant; and finally, that the conversations 
should be such as to encourage the originating talents 
of all parties. The last is of especial importance, as 
has been stressed by Dr. Garrard, for it should now 
be possible to stimulate such originality and turn it 
to greater adv^tage. Section leaders in the drawing 
office, foremen in the shops, and higher staff members, 
should be permitted to apply directly to the depart¬ 
ment, ^without other formality than the issue of an 
official report by the laAer after the conclusion of the 
work. 

Freedom of communication is of especial benefit to 
the development staff themselves, for they cannot hope 
to solve difficulties beyond the powers of the men that 
are actually doing the work, unless they are completely 
m touch with this in all its aspects. As has been aptly 
expressed by Mr. Dunsheath, “ where there is contact, 
thme must be fusion and not a fence ”; and the fiama 
principle has been stated by Mr. Leeson. It is necessary, 
however, to determine a boundary line, even if it be 
not rigidly observed, between the functions of the 
drawing and designing offices and those of the develop¬ 
ment department, to ensure that the former do not • 
transfer much of their own work and responsibilities 
to the kttCT. There axe various opinions as to where 
the distinction should^be made, but my own contention 
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is that all routine designing should be dope by the 
factory ^taff, the word “ design ” being intended to 
mean the production of an article from data in hand. 
Thus a developmen*iqpdel is not a design to be merely 
transfOTed to paper by the draughtsmen, but is the 
embo<iiment of data from which this Resign can be and 
should be produced. »n the pther side of the line, 
the provision already laid down in the paper and strongly 
endorsed by Mr. Fleming and,Mrp Selvey may be re¬ 
peated, viz. that all experimenting must be carried out 
by the development staff. Thej, reasons given in the 
paper for this rule have pot been, controverted by any 
speaker, although the conclustbn seems rather to have 
surprised some members. 

A specially close relationship of the same Vinri is 
necessary with the routine test-room, for the reason 
that valuable data as well as inspirations are derivable 
therefrom. The development staff may be made 
responsible for the nature of the^ tests, but, as Mr. 
Willies has stated, must not be'^responsible for the 
carrymg on of this section. Development and routine 
work require different classes of men, and the two 
functions do not blend. The procedure involved in a 
typical case would thus be as followsThe request 
for information or assistance is made directly by the 
member of the factory staff requiring this, to the 
development department, preferably in the form of a 
note, a duplicate of which may be forwarded elsewhere 
if so stipulated.^ Unless the matter is sufficiently 
simple to admit of a straight-out solution, the appro¬ 
priate research worker gets into touch with the inquirer 
and, after discussing the matter fully, carries out the 
necessary investigation, inviting toe inquirer to be 
I presen^ wj^enever an experimental result is being 
obtajped that would be likely to interest toe latter 
Upon a conclusion being reached that satisfies the 
original request, toe report embodjdng this ig. compiled 
and sent in. Finally, toe drawings (if any)^ that are 
got out in accordance with the data supplied are sub¬ 
mitted to the development department for endorsement 
before being proceeded with. This last step complies 
with Mr, A. F. Garter’s opinion as to toe drawing office 
having toe last word. 

As to toe line of demarcation between develc^ment 
and “pure” research, I think this has been stated 
very dearly and broad-mindedly by Mr. Paterson. I do 
not consider a development department in general to 
be toe right pMce for the carrying out of long mathe¬ 
matical inv^tigations; for ahhough I \fould ^ecify 
for itein .4(1) in toe training scheme on page 66 a 
course m mathematics induding analytical conics,' 
differential and integral calculus, and elementary 
differential equations, yet toe devdopment worker 
would ordin^y have too little of this work to do to 
retain si^dent facility in carrying it out. Hence, 
when a “ pure ” research department is available, such 
work should typically be forwarded to it for g nin tir.n 
Finally, it must be made clear that toe promotion 
and maintenance of co-operation and concord betwemi 
toe various departments is in the hands of toe manage¬ 
ment. The whole success of a research department in 
particular depends upon toe maintmance of correct 
relations with toe rest of toe works, and if this matter 
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be neglected by those in high authority, efficiency and 
harmony are impossible. The ideal state if things is 
for each component to contribute its own share to the 
work without trespassing omtttft domains of others 
and firm direction alone can bring this about. 

ConiM and ^jurisdiction .—^The question as^to who 
will decide whether auiy parf?cular item of development 
shall be undertaken, and whether the resulting product 
shall be manufabi?dred, has been raised by Mr. Greedy 
and Mr. Devey. There is no doubt in my mind that 
the decision as to iJiese points must rest with the manage¬ 
ment, on the princJiple that he who pays the piper can 
call the tune. But tl^ control as to the first point 
should be of the most elastic •possible description, as 
a research worker is at Ms best when he is given free 
fein. With regard to the second, commercial con¬ 
siderations play a great part in the matter. If, however, 
the development man has gone about Ms work 
thorougMy, he '^ill have qualified Mmself to spealc 
with a considerable degree of certainty on this ques¬ 
tion, and Ms opinion should be treated with due respect. 
For psycholc^cal reasons, the shelving of the results 
of an arduous and successful investigation should be 
avoided as if it were an actual loss, altlrough the atten¬ 
tion of a busy manager may be required when his 
interest is attracted elsewhere. Mr. Ford's statement 
that '' there is never any demand for a new tMng " 
is widely applicable, and its truth should be borne in 
mind even by those who will acjpally profit by the 
adoption of new proposals. We have it on the authority 
of Dr. Mees that ” It is by no meaps easy to prevent 
work which has S, real bearing on practical questions 
b?ing ignored by. the practical man to whom it should 
be of value. The mere filing of a report 4 s nqt always 
sufficient, and sSme method of following up the 4 ppliea- 
•ticm of the work is desirable." 

With* regard to administration, I agree *generally 
with the ^scheme described by Mr. Devey. 

. Relationship with the user .—It is natural that the 
pres^ce of so many supply engineers at the various 
discussions should bring about many references to the 
point of view. The purchaser is concerned with 
both ends of the process, for he must be satisfied before 
he places an order, and he gives the final verdict upon 
the product after it has been put into service. The 
great amount of development work carried into effect 
by users is reaffily acknowledged, and the establishment 
of clos^ relations, to enable greater co-operation to be 
attamed in the future, is hoped for. The sales organiza- 
tiohbf an engineering firm is the usual medium whereby 
contact is established and maintained with users geno- 
rauy, and liaison with the former is promoted by the 
regular supply of information from the development 
files, ^ny of the reports axe specially writtmi for 

in indexed 

m a montMy hst. which is circulated to the various 

and from which they can be selected and 
Mked for M required. This will answer Mr. Leeson’s 
^er^ he dose touch advocated by Mr. Greedy, 

of thincs^ others is a most advantageous state 
fbuip. It is my own practice to visit users 
personady m order to secure at first hand the data so 


users has already been mentioned in tlie paj^er ; aiul 
the assurance can be given to Mr, Lawson and oIIut 
spealcers that no criticism from tiiis .source is vvi*r 
treated lightly under my own auspices. 

Invoking and dealing ivith suggestions .—A coiisiderablc 
amount of discussion lias been caused by the 
in tlie paper to tlie value of .suggestions. LiJve iMr. 
Fleming's, my owi? experience of snggestkins from ?iir 
works lias not been a very favourable one, tfs alUiougli 
there is a standing offer of a reward for suggcLslions 
adopted, and althougli such rovitmls Jiave been givefi 
in the past, yet thjg number of suggestions, nr 

otlierwise, is very small indeed. Thi.s coincides with 
the experience of the various public^Suggestion Uoanls 
instituted by the belligerent nations during tlu? war. 
It has, however, always been my own opinion that llu' 
man who is in the best position to make novel sug¬ 
gestions regarding a given operation is the man who 
is actually engaged upon the work. l*or example, the 
machinist should bo more likely to discover an improve¬ 
ment in the method of machining tJian the tool svilw, 
and the tool setter more likely to arrive at an iniinuve- 
ment in the tools than the foreman, and so on. C’ouse- 
queiitly, I was particularly glad to note from the remarks 
of Mr. Williams and Mr. Devey that it i.s possibU^ to 
obtain better results tlian I have hitherto lutard of. I 
have now no doubt tliat an atino.sphere favourablii to 
invention can be created in the workshop, just us in 
the design and drawing offices and the develoiiiiitmi 
laboratory itself. The s)^stem has one or two miiuir 
drawbacks, as, for example, when a ^vorkman inuUt^s a 
suggestion as to an obvious measure in connection wiUt 
a new product, which would have occurred to prac¬ 
tically anyone and wiU have almost ccrtaiulj- b<.?cii 
already acted upon by the drawing office. Upon 11 ic 
appearance of what appears to be his idea in a itori- 
crete form without acknowledgment to hini.solf, he is 
Hkely to feel aggrieved, and consider himself badly used. 
Mr. Deveymethod of suMnitting suggestions to a com- 
imttee wMch includes representatives from the workmen 
themselves would appear to overcome this trouble. 

The existence of the development department offers 
a new means of putting into effect sugge.stion,s from 
various parts of the worlcs. In the past, there is no 
doubt that would-be inventors have been discouraged, 
because the trying-out of their suggestions would involve* 
Rouble to people who are Steady loaded with routine 
duties. Now that the extra work will not fait iipou 
the factory officials but upon the developnniiit .stall, it 
should be possible to increase the number and ihv 
value of suggestions from the factory generally. With 
reg^d to the nature of these suggestions, Section VI 
of the paper has not been strongly challengofi, aufl 
I adh^e fully to what has been stated therein, Mr 
Bakers expectations from "any intelligent artisan'*' 
need not, I think, be taken very seriously. 

Qualifications and training of staff speakers 

1 ^® section dealing with qualilicfitioiiM 
Md teaming, and have given additional opinions upon 
tos important snbject. Mr. Wedmore’s pUerenre*te 
a youth yrho has from his boyhood shown sigas ol a 
and has been accustome<l to make things 
r hunself, appeals to me ve^r much, and I cenusitier 
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this aptitude*to be a sure sign that the youth is of the 
right material. The value of making things has also 
been mentioned by Prof. Marchant. Like him, I con¬ 
sider this to be one of thg most promising traits in the 
character of a budding engineer, and one that will also 
stand him in excellent stead when he goes into the 
works to obtain liis real experience. 

Sir. Alelsom and one or two ofher speakers have 
stated tha*l a university degree is not essential, and 
I would draw their attention to the wording of the 
paper on this subject, especially the use of the expression 
'“of university status,** and also^the deduction that 
“ a university degree or its equivalent ** is indicated, 
in Section yi. *1^ should be far from attempting to 
show that a degree is the only reliable proof of a research 
w'Ojker’s fitness for his duties, or even that a university 
is the only place where the qualifications stated in 
Section. VI can be obtained. What I do say, however, 
is that a youth of to-day who considers that his talents 
lie in the direction of research, and who wishes to fit 
himself for this work, should by all the means in his 
power endeavour to secure the necessary training by 
taking such a degree. Mr. Higgs*s support of this 
standpoint is especially appreciated. It should not 
be overlooked that, in Section V, I have laid down 
stringent fules for the practical experience a research 
man should have, in addition to his theoretical training. 

Prof. Marchant has referred to the language training 
which forms part of my curriculum, and mentioned that 
some famous investigators in the past have not been 
gifted in the direction of lucidity of expression. How¬ 
ever, in the functions which a development worker 
has to fulfil, I consider that this qualification is of 
special importance, as he is there largely to afford useful 
information to the staff of the factory and its outside 
organization. This he cannot efficiently do unless he 
IS able to put his meaning into easily understood 
language. Mr. Rettie has also pointed out the great 
practical advantage of having access to information 
which may have been published in foreign languages. 

curriculum I had intended ** Applied Elec- 
^ included under Electrical Engineering.^* 
Faahties and conditions for research.-^The great 

W <ievelopment is, as Mr. Wedmore 
has said, that for making real tests. Some of these 
niay apRfax to be nndulv expensive or troubl^me 

Cheaper m the end to make them in the 

w of incentive and credit to research workers 
S ^ M*- Woodhous. „d 

trouble betoe 

or even the?ra^4^ffi.^ "°’^toie test-rooms 

pushed when the deveW readily accom- 

distinguished from " “ 

trouble arises, anfif fte ^ 

inquired into and digest TL to be 

gestpd, the necessary, data secured, 


and the investigation carried out, under these condi¬ 
tions all has to be done in the shortest possible time, 
and thus at the gr^test possible inconvenience and 
at the lowest efficiency.® If, however, the department 
is continuously supplied with manufacturing data and 
details 8f performance by the rest ofr the w&ks, as 
laid down in the first colunm of page 64, tlien these panic 
conditions are very largdy obviated ; probable defects 
are anticipated and their remedffes proposed, probable 
wants are foreseen and satisfied, sni^ in general, most 
of the trouble is intercepted before'it has caused waste 
of time or materials. • ^ 

Remuneration of research workers .—^The question of 
payment for research w!is*not dealt with in the paper, 
but has been broached by quite a number of spealcers. 
While agreeing in the main with what Mr. Selvey and 
others have said regarding payment by results. I do 
not think that anything resembling " piecework" 
remuneration is pr^ticable in the case of investigators, 
or even desired by them. On the one hand, they are 
not a mercenary class, and the most powerful incentive 
that can be given them is practical appreciation of the 
results of their work, in the shape of utilization and 
verbal acknowledpnent. On the otlier hand, they 
reco^ize that it is their function to make discoveries 
and inventions, and that this is covered by their salaries. 
The appropriate way, then, of paying by results, is to 
adjust the salaries from time to time as their value 
to the firm increases# This scheme should not, however, 
prevent the award of an occasional bonus wheri! a piece 
of work of special advantage to their employers has 
been effected. ' , 

With regard to the amount of the salaries, I welcome 
Mr. Wedmore’s statement tliat an engipeering business 
should ehave development engineers among the iiiost 
highly pvd members of its grgaiiization. The practice- 
mentioned by Mr. Jones of referring to their'kind as 
tame mathematicians " is comparable with.tbe tradi?, 
rional ref^al on the part of a successful manufacturer 
to s^d his son to college, because he could “ buy all 
the braim he wanted in his business for -three pounds 
a week." Such an outlook is a suicidal one, for all 
mvM^ator is utterly incapable of exercising his mental 
faculties efficiently if his mind is already occupied 
mth Social worries or discontent, or is not afforde d 
a equate relaxation. There are few otlier professions 
m which the output is so directly influenced by the 
mpirt as m the case of industrial research, anjd generous 
S^Scs* -toerefore a matter of policy as wefl as 

Ind^t^ and the universities .—It , has been generally 
agre^ that greater co-operation between the universities 
^d industiry will be productive of nothing but good. 

^n has its special sphere for research work. The 
calmOT atmosphere of a college laboratory, and a liberal 
provision of philosophical instruments, conduce to 
ttoroughn^ of consideration and of experimental 
activity of a factory and the accessi- 
supplies of power induce 

S Coxites, there should 

It W harmful overlapping on this account, 

f m general, possible £t college to carry out 
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developiaent work for a manufacturing fi^rm, partly 
because this species of research chiefly deals with those 
features of the firm's products that are peculiar to 
itself, and which it would the^fore be least willing to 
* share with competitors. A certain amount of secrecy 
is therefore necessary, which under ordinary Circum¬ 
stances would not be^ practicable in a teacliing institu¬ 
tion. This is, however, actually carried out in tlie 
United States 8y thife Mellon Institute's scheme of 
industrial fellows^ps, described in some detail in 

Research and Ii2dustry" (see Bibliography), and 
briefly by Mr. KilbSm Sco?t in his contribution to the 
discussion. 

In reply to the inquiry of iff. Malpas, the insulator 
trouble in connection with the Lake Coleridge hydro¬ 
electric scheme, overcome at Canterbury University 
College, was due to porosity of the porcelain, which 
was only made evident by subjecting the material, while 
immersed in a dye, to a pressure of 1 600 to 2 000 lb. 
per sq. in. for a period of 7 days. 

I am much interested in the question raised by 
Prof. Cramp of providing works experience for students 
as I have twice formulated schemes for this, under 
radically different circumstances, both of which gave 
results entirely satisfactory to the parties concerned. 
My convictions are expressed in the following condi¬ 
tions. On the part of the students, there must be a 
real determination to play their part in the w^orlcs, by 
Identifying themselves for the tim« being with their 
fellow Workers, laying " swank ” on one side, doing, 

If anytMng, more^ than their share rf)f the work, and 
not aslang for any privilege that is denied to their 
companions. • On .the part of the firms, there must be 
a greater wUinggiess to take in men who -^gre# to the 
a o\^e, to give them the highest justifiable respoasibili- 
ties^and to afford them an ii^terest in the work by paving 
them something of what they are worth. I am not 
overmuch enamoured of the usual " pupil " course on 
fromTt" 1*^?" Ifge element of pr4^ge insepamS 
reduces the value of the experi- 

to 

an nnH w- number of such appointments that 

anri • ^ wilhng to make is seriously limited • 

and an appointment tends to become a favour to 

the having special claims on 

putting newcdtaers to a works 

° preliminary experience I 

regard as being sound in every way. , 

Co-^eration and co-ordination. —The value of co 
operation and the need for its fullest possSe extend 
endorsed, and I particularly welcome 
connection. Speakers 
exnrf.<JL*^*^ Where the paper has been read have 
expressed appreciation of the work of the Electrioni 

and overhead transmi^ion, isStog“mrteriX°SId 


high-tension switchgear. 1 was parliriil.irly iinincsst-tl 
witli the success of the negutiations witli (he siipph' 
authorities at Carvillc, and with the lli<irniigluie.ss, i ate 
and ingenuity that cluiracteri;' 4 tl tiie Jests iiptin makers* 
own oil switches tlicre. The ilata eaiiiiot tail (n t>e,iif 
great assistance to do.signcr.s, and it is to be earneslly 
hoped that these tests wiil be pniussled willi i»ii 
increasing settle ms regards breaking ea^snaty. Tht! 
Association is rapidly liecontiiig essential to tlie wluih* 
electrical industry, and deserves llie full su|i|«irt of every- 
constituent member. ’ “ 

When the co-operative principle is pushed to its 
furtliest limit, it includes co {)peniti«.ni bet ween (Mi|*iueet .s 
of different nationality. 1 .see no h»r1ii, Nit good, in 
tlie interchange of dc.signs as ineutionwl by Mr, l ieiiiiiig, 
as long as it does not lead to deterioration of iniii:it4ve 
on our part. 

Secrecy versus publication.- W’hfrv tlie niotivt! for (iie 
abandonment of secrecy is tlie furtheriince of co-opera¬ 
tion, I am in agreeineut witli those K|H!akers wlio advmnte 
publication. That tlie linn witli wliich I am conni'eled 
is not imgenoroas in this respect is made evident by 
my having been enabled to write the pri-sent paper, as 
well as tliat on Ihjuitl rhcsistats and .several article.s, in 
the technical Press, publishing «iala I hat had lieeii 
obtained at considerable expense; and I ifiink tlmir 
genero.sity dc.servms tliis aelciinwhHlgmenl. One eamiot 
help suspecting, however, tiiat tin* tl«-.sin; t.» gel something 
for nothing sometimes actuates those who iieiionneo 
secrecy. I have rcniarkeil iil«>ve upon llie iiiit«..ssi- 
bihty of giving away all the results of deielopmeid. 

Small firms and rascarch. -An J»r. Kahn has iiuinled 
out. development wiis as.sisted abro.id by tiie eatlii-r 
organization of industry niulirr the «iiisph-.,<s of largo 
firms. But I think that Mr. Collie and Mr. .Meyer 
exagpratc the position when they assert (hat resiiareii 
is only possible for a big concern. A iiimmriisd instance 
may help to make this clear, l.el it lirst be .siippuscil 
that a sma,ll firm risks putting a new development upon 
the rnarket, and inamifaotures a bateli of r.O .iriii les; 

jwlgnmid was at fault, 
the market absorbing these only wilii dillienlty. In 
this case the firm 1ms incurred no oIIut Iws than the 
abandonment of its design. B„t if ,, larger l.rm be 
supposed to have turneii out the same article, Pi the 

”"*'1 fth.. market 

dld^^SS the serimm amoiml of 

the firm, the more llexiblo and enterprisine it can be 
^d therefore the more it is likely to g!«n front de';:i;;: 
ment. cost of the latter can be. borne like any olher 

firm, such as the chief engineer or even the munauiiiv 

aXin thi^wav <l«velot.m<>iit work i«er.sonallyf 

and Ill this way the Imanciat conditions are met 

Research work durinf> slump rnmff/mx,,.-. .•n,;,;;. is „o 

difficulty m proving that develoimmnt work sliould 
be carried on when tm/iw a. 

certainlv nnf • trade is goesl, but opmirm.s arc 

TiensP?Tr ffrtherancc in times 

would be to rXi S tSenT ^ *««"< i'-ra 

then to cHmimmitiUf m eomninn 
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with ol^er overhead expenses. But if it is of advantage, 
when times are good, to remove all non-standard work 
from the shops, and worry and uncertainty from the 
designing staff, it is surel]j[ more necessary to do so when 
times are bad, and when not only is economical working 
in the factory specially desirable, but also many special 
o^ers have to be entertained, each requiring individual 
attention,^ These arguments would Seem to indicate that 
development work should be increased during slump 
^conditions, and this is actually what Mr. Pearce^s sug¬ 
gestion of “ load equalization ” amounts to. Sur¬ 
prising though it may be. at first glance, the latter policy 
i^ the correct one. It should be realized that the 
effect of dtvelcJpment work is lasting, and does not 
vanish when the articles that originally called for the 
pa^rticular investigations are sold. Research is thus 
equivalent to the putting by of capital, and capital 
that wiU return a high rate of interest. A slump should 
therefore be regarded as a time of storage, and a fund 
should be reserved for this special purpose. In addi¬ 
tion, an extra value is attached to slurnp research, as 
it is carried out under conditions of stringency and 
therefore when the research workers are on their mettle. 
It is well known that other originators, such as poets, 
musicians^ and artists, often do their best work in times 
of stress, and it may well be that a slump is in reality 
a period of opportunity instead of misfortune. 

StandavdizQiion, mass production and resear 
Higgs has laid stress upon the necessity for industrial 
research in connection with repetition work, and Mr. 
Morton .instances the facilitation of research by stan¬ 
dardization. It is of advantage, when dealing with 
any one of these three principles, to realize that all are 
^ phases of the same movement. It is most important 
that research and standardization should go hand in 
hand, and the introduction of the further principle 
of specialization results in mass production. I had 
endeavoured, in the first part of Section V, to prove 
the importance of development in a factory where 
nothing but repetition work is carried on, although it 
might seem to the uninitiated that such a works would 
not need any form of research. 

Cost of research. —^The question of research costs has 
been mentioned by Mr. Fleming, Mr. Pearce and Mr. 
Leeson, the first of whom gave an estimate of 3 to 6 per 
cent of ihe turnover as ajfair proportion to be devoted 
to research. It is a necessary feature in the organiza¬ 
tion of a department that the cost of upkeep should 
be placed on a proper basis, and I consider that these 
figures are about correct. 

General.^A few points have been raised concerning 
accessory details in the paper. 

The soundness of getting down to first principles 
has beSn endorsed by Mr. Jaines. while Mr. Jones has 
referred to the frequently surprising simplicity of the 
final result as compared vnth the initial design. One 
learns to value the attitude e:q)ressed in both of these 
opinions the more in that it is not in accordance with 
human nature. A layman tends to undervalue an 
investigator’s more successful work because of its 
simplicity; Ms reasoning because it is too 
cwdish, his explanations because they are too lucid, 
his calculations because they are too elementary, his 


designs because they appear too obvious. '.Yet the 
facts are as indicated by Mr. Paterson in " The Physicist 
m Electrical Engineering" (see BibUography), that 

The better the pli 5 "ficiit, the simpler the terms of the 
explanation.*' 

Mr. iftelsom has provided some intimate deslails for 
testing fuses, and the samjmatterhas been mentioned by 
Mr. James. I think they will realize, if they refer again 
to the context, that the fuse test^waf introduced merely 
to illustrate the requirements in design, and consequently 
it was not in order to dilate upon en unimportant side- 
issue, when the matter cfeuld b^ summarized with 
sufficient accuracy by the three lines that I employed. 

In connection with 6xcl,mples of development shown 
in Appendix II, Mr. Baker should note that, as I 
have already indicated in introducing them, their 
insertion was not intended to display ingenuity but 
to illustrate the principles laid down. ' The feature of 
interest in connection with the brals^ pulley in Figs. 2 
and^ 3 is again not this method of absorbing power 
(which was familiar to some of our grandfathers) but 
I the device employed for injecting and ejecting the 
I cooling water with the certainty of avoiding a mess. 

I In reply to Mr. Leeson, the oil-testing apparatus in 
Fig. 6 was designed for deahng with small samples of 
oil received by post from distant clients. When a 
sufficient quantity of oil is available, the more usual 
apparatus has always been employed. It should be 
noted that this device was designed and used before 
^e B.E.S.A. dealt with the matter, and was^ actually 
included in the *paper before the present standard 
apparatus was published. None the less,.I dissent 
from Mr. Leeson's opinion as to its unreliability. The 
pressure recorder in Fig. 5 has hitherto been employed 
princifially for obtaining comparative results, and it 
can be;regarded as being perfectly accurate for such 
readings. Used in this* way, the pressures developed 
by various explosive mixtures, in various pieces of 
apparatus, employing various relief devices, anc( with 
other variations, can be accuratel}' compared with 
one another, and, if necessary, with the pressure 
required to burst an apparatus. However, th/^re sfe 
no more factors introducing error in it than in the 
steam- and gas-engine indicators, which are regarded 
as precision instruments. Consequently, I estimate its 
absolute accuracy as being,within about 5 per cent. 

Mr. Leeson and^Mr. Parry have commented on the 
possibilities of error in the instruments on the test 
board of Fig. 1, due to fieatiug or stray'fields..'' The 
meters are situated so far from either rheos^ts or 
conductors carrying a heavy current that these effects 
have been found to be quite negligible in practice. 
The high-reading ammeter is supplied from an instrument 
transformer at nearly floor level, npiie of tijlie heavy 
current wiring being above the height of the bench top- 
The accmacy attained with this set i^. fully ^qnal to 
the requirements. Instruments are, however, checked 
on a special bench in a test room provl^ for highly 
delicate work, and containing the ospllograph. I 
agree with Mr. Parry as to the utility of the latter, but 
in its present forms it is hardly conveni^t enough for 
factory work that can be adequately carried out by 
such apparatus as that shown in Fig. 4. 
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across an instance of futile de\’clopincnt ^siinii.u* to 


jMt. Leeson's example of technical research, shown 
’ in Fig. A, is very interesting. 

In reply to Mr, James's inquiry regarding a galvano¬ 
meter lamp for daylight work, th^ practice I am familiar 
• with is to employ a translucent scale,, and a gas-filled 
lamp of "^he motor-headlight pattern, of 24 Watts' 
capacity and working art 12 volts. 

I was interested ^o find that Mr. Longman had come 


mine in connection with steam turbijtes. It ina\% in 
fact, have been the same case, though the tnrbim' 
seems strangely susceptible to sucli nii.sdin.‘cU‘<I cntt*r- 
prise, and the two are probably distinct csaiuplevi, 
Another case almost identical witJi niv own experieiire 
was recorded at about tlie same date in the Arm^rif an 
publication Power, ^ ' 


THE WHIRLING OF SHAFTS.* 

By Juiius Frith, M.Sc., Member, and F. BucKiNGriA.M. Il.St,:. 

{Paper first received 14//i August, and in finai form 2{)th October, 


Summary. 

The paper is an attempt to explain the phenomenon of 
wtolmg by proving that it is essentially a case of vibration 
obeys the laws of vibration, especially those relating to 
the phase change between the disturbing force and the 
resultmg displacement. 

Whilst acknowledging that the critical speed of whirlhig is 
usually calculated by •the same expressions as those whiclx 
natural,time of vibration, it is maintamed that the 
mentity of the two phenomena is not sufiiciently recognized. 

^®^case of the spring-controuSi g<?vemor 
IS cited, which, according to the ordinary treatment of 
centrifugal ^nd the elastic rcBtoring 
forces—shopld come in again above a certain speed. 

fh J! is given of experimental verifications of the 

theories put forward. 


Introduction, 


In s^te ol all that has been written on the whirline 
of shaite. It is doubtful if the ine.Wiism of the phio- 
imderstopd, ahd t^s paper is put 
o^rd m the hope of cleartog up certain points which 
SiTin^"^ obscure after a study of the more elaborate 
t in ^ny respects madequate treatments. 

present autheSrs, in con¬ 
junction with Mr. E. H. Lamb, read a paper on the 
toraional oscillations of shafts.t We irow -wish to 
a similar treatment to the whirling of shafte 

Sum Sea-^nT—forcibly that th^ 
“ inadequate in that, whilst giving 
solutions, it quite fails to explSf 
results are obtained.^ 

A very sm^ example will, serve to illustrate our 


^tbout being rail ^ a PoWished 


meaning. Jn Fig. 1, ,\u n-pn-scits a vorlir.il .si,;,ft 
carrymg a ina.s.s M at its ce.Kiv a,„| supix'il.-.I in 
spherical bearings at A and B. Th,- .sj,af) is v.-iv 
slightly beat .so that tin being sloteiv revdlved, llu- 
n^s would rotate in a Circle of raditis /•. Let llic.stilin.-ss 
of the shaft bo defined by saying that it would n uni, ,• a 
force J* applied to the mass jVf to displace it 1 foul. 

Exactly the same effect Ls piodiued if the shaft is 
strmglit and the mass M i.s slighflv I'creiitiii. Thi; 
distance r would then lx, measured from the ceutn. „f 
rotation to the centre of gravity c,f the mas.s. 

Now lot the shaft be rotated at a .speed of u revolutions 
per second (« 2mi radians jx,r second .. w). The 
mual textlmok ticatnieiit of this would be t.. sav that 
the mass M will now fly out and revolve in a cir, !,• of 
radius, .say, d + r, and to wi'ite 


from which 


and 


Moj^d + r) ./fVi 
ATco^r 




{d + r) 


Jf - Mw^ 


L r 


If the value of this expression is plotted autdiisi u 

r Uo„ i. LlSiu': 

tlmt ® “ furtlier extended on tlie assnmption 

Si «Ws.sion still holds when is gri-ater 

“"‘1 Mll»«ately he,-om..s 

whirling shall has 

nnA (V2’t)\/(/’Lhri 

to flisplaceimmt dimini.she.s 

Salt ccceiitrieitv. The 

^ ‘ 1 give the true Ukplacement, mul the 



108 • FRITH AND feUCKINGHAM THE WHIRLING OF SHAFTS. 


-- ^ 

method of its derivation does not justify its application 
to the problem of whirling at all. 

To those who uphold the treatment let us put this ques¬ 
tion : The expression as ^erived being perfectly applicable 
tp half of a very common type of steam-engine governor, 
is it contended that such a governor would, beyond a 
certain definite speed, close in again and allow more 
steam to pass ? If so, then here^ a most interesting 
explanation of many Awheel accidents. We have, 
however, tried the experiment and have ascertained 
* that, for such a governor, the mass M moves further 
and further out for speeds up to beyond what would 
be the critical value, so that this handling of the problem, 
as far as ibe njn«iing of shafts above their critical speed 
is concerned, is utterly discredited. 

^ Some authors take refuge in some such phrase as 
" above the critical speed the system tends to rotate 
about its centre of mass,” which, although true as 
a statement of fact, by no means constitutes an 
explanation. 

It has long been recognized that the critical speed. 



Fig. 1. 


Fig. 2. 



as given above, is also the number of oscillations per 
second at which the shaft would vibrate if plucked like 
a fiddle string, and this gives the clue to the correct 
explanation of the facts* For imagine the above shaft 
not to revolve but to be subjected to a periodic distur bing 
force of gradually increasing frequency. At frequencies 
much Mow the natural frequency of the shaft, these 
teturbmg forces would produce little effect; this would 
^ ® frequency of the disturbing force nearly 

quailed that of the system composed of the shaft 
OTdrte attached mass. When the two frequencies were 
equal, the afhphtude of the motion of the mass M would 
mcm^e until, if there were no friction, sufficient ISS 
at that frequency would be stored up to break the sST 

Se aSS: eT^gy^^ ^ 

iteriency oi th. dhtarblng (orce 

"Old S 


But this description leaves out of account some other 
very interesting facts, an understanding of which is 
essential for the other problem. There is, for instance, 
a change in phase ifttWeen the disturbing force and the 
motion produced, and tliis can be better illustrated by 
a sliglftly different exanmle. « ^ 

Imagine a mass suspAded ii* oil by a spring, as in 
Fig. 2. If the other end of the spring is moved very 



Ratio- Qf disturhiap ; force 

Wdttural frequency of spring 

Fig. 3. 

slowly up and down, then the mass will move up and 
down, not only with the same amplitude but in phase 
mth the force acting on the other end of the spring. 
As the frequenejr of the motion becomes greater, the 
amplitude will increase and a change of, phase will 
take place between the top of the spring and the mass. 
If the^motjpn of the top of the spring be caused by the 



Ratio: disturbing force , 

* iNdtural frequency of ^riug 

Fig. 4. ^ 

rotation of a crank, then the motion will be harmonic 
and tile crank will indicate its phase. 

The resultant motion of the mass will also be harmonic 
and may be considered as the projection of a revolving 
vec or, which will in turn indicate the phase of the 
motion of the mass. * 

If the stiffness of the spring be defined as the force 
Ji required to extend it by jmit distance, then at a 
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critical speed (l/27r) v'(J!?yikf) "•the amplitude will be 
very nearly a maximum but will not be infinite owing 
to the friction of* the oil. The phase difference between 
the force acting on the top of tjjje ^ring and the motion 
of the mass will now be 90° and will approach 180° 
as the ^frequency of the disturbing force ijecomes 
greater than the critical valise. 

The value of the amplitude for a particular case is 
plotted in Fig. Sim gelation to the frequency of the 
disturbing force, taking the motion of the crank as 
unity. This figurescannot represent the gradual cliange 
of phase, and it is J>est, therefore, to neglect sign alto¬ 
gether in this figure amd take it from the curve in 
Fig. 4, 

It is generally recognized that there is a resemblance 
between whirling and vibration, and the usual method 
of obtaining tlie critical whirling speed is to calculate 
the natural frequency of transverse vibration of the 
system. We propose to ^how that this coincidence 
is not accidental, that the phenomenon of whirling 
is essentially one of vibration, and that only when 
whirling is so^regarded is the stability at speeds above 
the critical satisfactorily explained. 

The Shaft in Transverse Vibration. 

Let us set the shaft AB vibrating in one plane by 
appl 3 dng to it a periodic disturbing force of maximum 
v^ue X, and study the various quantities involved. 
The shaft will, of course, vibrate with the frequency of 
the disturbing force. Call the time of one complete 
amplitude A, ssad the coefficient 

of friction* fjL. 

The whole‘state of vibration is maintained by the 
disturbmg force,^ which has therefore to provide for 
several different things. It has first to pro^de a 
eminent to overcome JFA, t^je stifEness of the shaft, 
ims component must have a maximum value equal to 
j hetmg m the opposite direction, i.e. outwards 
and the maximum would occur at the ends of the 

^ Having overcome the 

the shaft, it must provide a component to 
^ve^tlfte mass its acceleration. The maximum value 

at ^e ends of the swing but would act inwards 
^stiy, the disturbing force must provide a component 
^ overcome friction. Ndt knowing wliat law the 

?? vpTn. overcome it as 

I probably very near the truth. 

oi Thl‘^w^ng^ value of 2nAfM/T at the centre 

components, we can now add them 
together and fend x, the maximum value of the dis 

diagram be as Fig. 6 (a). In this figure the values 
represent the maximum values of tlie various quantities 
bemg written for 2w/r. The one mikefr^^lS 
maximum value of the disturbing force T<- « . 

-Z ‘components. FA. and (jZa. 
vibiSinr . necessary to keep the shaft , 

for^pohiS tottTel^af ^^^"^P^oement) and there- 
pomts to the actual position of the shaft in space 

VoL. 62, ' 


which is seen to be old: of phase with the dis^ iun t* 

by an angle (jt, the tangent of which is fnoUF - Jloj-j, 
This is the angle shown in Fig. 4. 

At the critical speed the vector diagram ivoitUI In' 
shown in Fig. 5 {h) when FA Mco-A and ftwA r 
In fact, the amplitude increases until thi.s eipinlity 
effected, when equilibrium Ls establislied; but for 
A would be infinitfi^ 

At speeds above the critical, contlitions w(«?u]cl be as 
shown in Fig. 5 (c). It is lic?re seen how far the motion 
has got out of phase wiih the (lisi^irbing force. 


as 
.e. 
’ is 





}L^ IS comparatively small, A is ri maximum wlum 
= i.e. when 2’= 27ri/(ilif/7<’J, which is «if 
course tlie time of natural vibration of the system. 

From the figures it will be .seen that in all ca.ses the 
following relations hold:— 


® = V[{PA 
A 




V[(i" - Alcona + 


The Shaft in Wiiiri.. 

If the same shaft AB is now revolve:!, ^^ot"r will 

^.pply the disturbing force, th, maximum value t.f wine 
we have called • "uu.u 

As the speed is varied, this force varies only as c 
remaining constant. It is the cxjatmicc of tljf- original 
eccmtncity r which is the whole cause of the whirl • 
further elastic deflections take place imder the ctiinlnm-d 

^ W“l above the ori-inul 

Iigs. 6 [(a), (6), (c) and (d). The action of the ri-.r.h 

and tiw disturbing force due to r is 

and mcreases as This force wUI give the Xft 

8 
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a circular vibration, which may be resolved into two 
rectilinear vibrations at right angles. , In case this 
circular motion cannot be recognized as a. vibration, a 
very simple experiment will be convincing. Fix a 
hatpin by its point in advice or drive it into a bench; 
it "can be set into rectilinear or circular vibration at will, 
but the rectilinear motion- will often end in being more 
of less circuiar. If, when vibrating in a circular path, 
its shadow be projected by two lights on to two planes 
at right angles, the two rectilinear components of the 
•vibration will appeaj^. As the inverse of this, a har- 
monograph will combine two rectilinear vibrations into 
cj[rcular motion. ^ 

We can therefore write the same expressions as before 
for each of the two components at right angles of the 
whirling shaft. 

All the quantities which varied harmonically in the 
case of rectilinear vibrations now become revolving 
vectors of constant length, pointing to the various 
positions of the shaft in space. The vector Mco^r 
points to the original position of M on the bent, un¬ 
strained shaft, and Fd to the actual position of the 
shaft in space. 

Regarded from the point of view of the elastic dis¬ 
placement alone, all these vectors revolve from a centre 
where d «= 0, d being the elastic deflection of the shaft 
caused by the rotation—^as distinct from the permanent 
set r. The starting point of d in tlie actual combined 
whirling motion is on the circumference of a circle of 
radius r. Then 

Mo}^ 




^[(F - Afa)2)2 + 


<o is equal to 2?r fimes the revolutions per second and 
is sometimes called the ** circular frequency ** of the 
disturbing force. It is sometimes useful to write a for 
277 times the natural frequency of the system, of which 
the time of one complete vibration, T, =: 27t^/{MIF), M 
being as before the moving mass and F the restoring 
force per unit displacement. 

The natural frequency = l/^T — (l/27r) from 

which a = ^/(F|M) and F = Mo?, 

Making this substitution in the above expression for 
we obtain :—* 


"d= f X 




V[(a2~ 0)2)2 + 


If [(jLtO)/Ar)]2 is very small, as it is likely to be in most 
practical cases, then d^ r x — o>2). 

The actual motion of the shaft in whirl is a circular 
vibration compounded of two of these rectilinear 
vibrations at right angles, plus the rotation in the 
radius V duetto the shaft being bent; the radius B of 
the path of M through space being compoimded of d, 
the lialf amplitude of each of the two vibrations, and 
r, the original eccentricity, which causes the dis¬ 
turbing force, these two being at the angle <f> to each 
other, as shown in Fig, 6. 

The application of the various forces is of course on the 
mass, M, the restoring force of the shait along the line d, 
the centrifugal force wMch is compounded of the dis¬ 


turbing force MoA^ and the accelera.tion to the. centre 
of vibration Mw^d radially along B. Simifarly, the 
total frictional force is circunrferentially at right angles 
to R. „ ^ 

The frictional resistance is ficoE and has a moment 
fjLcoB^ :|ipund the centre of turning, this moment being 
counteracted by the toijgional stiffnei^s of the shaft. 
If we express this as the torque* required to twist the 
shaft through 1® and call it /, th^the friction will 
cause the shaft to twist through an angle 


fjuoB^ 

~r 


6 (say> 

♦ 


This angle will, in general, be very small. 



fa) 

4tlow ^eeds 



NearittgtHe 
'critical* speed 


. *• 



(c) 

At the ^ 
criticed ^eed 


(a) • 

Athl^ ^eecls 


The energy to overcome the friction will be derived 
from the prime mover, as from it comes all the energy 
to maintain the state of vibration. 

We can now represent in a figure the shaft in whirl 
at various speeds, all at the same angular position, say, 
when the disturbing force Mco^ (which is due to, and 
in phase with, the original; eccentricity) "acts in one 
particuto direction (see Fig. 8). 
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A numerical example may hetp to make this clear. < 

Let AT :=r 100 lb. 

F = 10 000 poundals per foot of deflection, 
r = 0*01 foot. • • 

fi = 500, i.e. it would take a force of 500 
• poundals to move M a.t 1 foot pe^ second. 

/ == 1 000 fooVpoundals per 1® twist. 

Then d, the ej^tic deflection due to being revolved 
at o} radians per second, would equal 

*100 X X 0 01 _ 

VL{10 0*00 idoco^)^ + (500cu)^J 
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The critical speed will be when 


100 


= 10 radians per second 
= 95 r.p.m. 


occur at zero :mtl* inlinii,, .speiils i.s'u#c(iv..K.( i 
it pa.ss tlirough the «‘u(ic of rululi.iju* ' 

In ordmary Jraii.swrse vil.ralinn c.xis(s an 

a ternating strain ihe mat.Mial of the shaft «]» 
absorbs energy ;..ul fatigues .he niaterial. e. 
vibralious cnubiue with a rotation t.. nuke a . /re, . ■ 
whir , the .strain no longer ;.lte. nates hut is Ji J 
constant for any pvtienl.-,,- spe.-d, .so tlut the nV 

s 'LS tr,»“• 

o£ 11 ,™ atTr,''“c;ii'iS 

increase tlie frie.tion by ,stm,e me;uis. 

0-025 r • • • 


rads./sec. 

1 

5 

7 

9 

10 

11 

16 

20 


Speed 

d 

. 1 „ 1 

r.p.m. 

9*5 

47-5 

67 

86 

96 

104 

143. 

190 

ft. 

0-0001 
0-0032 
0-0079 
' 0-0166 
0-02 
0-0206 
0-0165 
0012 

1 

deg. min. 
2 62 
18 26 
34 37 
66 67 
90 

110 63 
149 • 

161 34 

ft. 

0-0101 

0-013 

0017 

0-022 

0-022 

0019 

0-009 

0-004 


degroo 

0-00006 
0-0004 
0-00102 
0-0023 
0-0026 
0-0021 
0-0006 
0002 


Fig 8 is drawn 

a£- ,% " * comtoatio. o. Fig,. % jjj, ^ 

br“S.5to^ 

rojis out and marking thf l»anngs until it 

position for the balance weSin^^ correct 

chalk mark but is bel^d °PPosite the 

n^^kwillbeattheendof themd-‘^mlk 
positi(?n for the balance weight correct 

to r.. IS on a radius opposite 


determinrSfeS-ect Stio^ SrSe^S^^^ 

over this JiperaSn? “ 

fails .to- repise'^°Se'^bia^oi^*^r®«°'' 
governor now become appareirt centrifugal 

+ r) are not mere scalar forces Fd and 
revolving vectors It i« ^ quantities but are 

,np their correct relative nhoo ^^-^ous forces taking 
fails to sh*ow the pecS53t£^f , relationships, that i? 

Another way i^wM^ 5^ shaft, 

at fa^t was in assuming that if 
«t of the shaft was r a4 S ^ d Permanent 

tte shaft was rotatinr^ that 

shaft was (d + r) and tb® ' i’end 6f 

In actual fact d and r ^e seldn^*°”“^^ + r). 

.'■®®tering force may be direction 



niwul. 1 t' fl-Cff|ic|„y. t.fnull,;tllsV.S(T 

Flu. 7. 

intcsre.st; this sh-ifi its h <i' I mklilinn.il 

by«... 

•toigh'SSjS*;,,:,'’” »'■,(. ,.111 .„,c 

It is imporin/ t^/ 

appears to keep the s-mw T**' ii»<s .sliaft 

space, it actuallv h i' i form <ind to Ixt sttiHonary in 
material of the^Jlmfo /?., n'""f mvolution. The 

strain, the oiilv* differ . an alternsition ol 

only difference between this and the c-ise 
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of simple vil:ration being that her& the strain travels 
round the section instead of across a diameter. 

In changing from a rectilinear vibration to a circular 
whirl, two of the fundamental properties of vibration 
become hidden. In a re<n:ilinear vibration the material 
of "the shaft suffers an alternation of strain from a 
maximum at the ends of the vibration to zero in the 
centre. In a similar way, the energy of the maag 
changes from all potential at the ends of the vibration 
to all kinetic when passing through the position of 
rest. 

In adding two rectilinear vibrations at right angles 
to. form a circular vibration the material of the shaft 
still suffers ^ alternation of strain, but the ma s s appears 
to lose its charact&stic change in energy from potential 
to kinetic, and vice versa, it being now endowed with 
uniform circular motion. 

On further adding a rotation, of a speed e(^ual to the 
frequency of vibration, the shaft no longer suffers 
^temation of strain, each portion of it having a strain 
fixed in direction and amount. 





and 10 


Fig. 8. 

to IS of changes may seem to some minds 

to show that the motion is no longer a vibration • huf 

^ suffering a 

Si of several different motions It once,®in 

SaSof Zv^ ^undoubtedly the 

is a pendulum obeying thi ^ “k I 

vertical planes would be identical S+h 


I • - 

ils of strain in the material and no change of energy of 
the mass fronx kinetic to potential. * 

ar 

Experimental Verification. 

al I 

^ We have made the following experiments which can 
easily Cfe repeated and whicli we think tJu*(fiv light 
on the subject of wliirlingC 

^ The first is the classical experiment of a mass on a 
bent shaft. If run for any time at a ^Sed in revolutions- 
per second equal to its natural frequency in vibrations 
g per second, it runs further and further out of trutli 
:t something breaks, b^t if htirried through this 

^ critical speed it runs truer at much higher speeds than 
j at very low speeds. 

^ Next we fixed two parallel guides stationary in space 
just far enough apart to allow free motion of the shaft. 

^ On repeating the above experiment all the motion wtus 

^ in the plane of the guides but otherwise obeyed the same 

i vibrations increased un+il the critical and 

then almost died away. 

1 ,^^’ guides were used but revolved with the 

sl^ as in a centrifugal governor. The shaft then 
willed further out until the critical speed but would 
not go back again and rim true above this speed. 

Next, the guides were removed and the llvwhet-l 
mass was illuminated by a neon lamp through a Contact 
^er on ihe shaft which switched on tlie lamp for about 
1 of revolution. (The neon lamp will withstand double 
voltage under tiiese.conditions and will give more light.) 

A spot was panted on tlic flywheel and a pointer fixed 

illuminated when 

ttese two were together at very low speeds. On in. 
CTe^mg the speed the spot was seen to descs-ibe .a circular 
“ Fig. 8. It was arrangcl tliat tlu- 
^ shoirid be illuminated at the instant wlien the 
mtial eccentoicity was cjpposite the pointer, (f a 
seL always m the same line, the spot Woufl be 

SerfroZi?“® “ this'direeliou 

the was shown to he dlsphuxtl at rieht 0111 . 10 . 

STl 'T’***?- " “S'- 

Ss rSo". '“'"r 

Other Critical Si'ehds 

«- v(w. 2r 

mi - = yf(as _ 

from which oil = 0.71a 
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l^e stated that no such additional critical speed exists. 
In the light of our previous remarks it is evidemt that 
•fclie reason for this is that re^n^nce can only occur if 
-fcliere is a disturbing force acting at right angles to the 
restoring force, and this is only the case at the <fipeed for 
•true ‘^whirling.* At all other speeds, including that 
pa/rticularly under d^cussion, the line of action has a 
iix:ed and definite orientation to the disturbing force 
appropriate to the speed, and it is only at the true 
speed of whirling *that this angle has a value of 90®* 
.stud consequently cyily at ijiis speed that the conditions 
.are critical. # 

All our work refers to a shaft with an initial eccen- 
•tricity which provides, the disturbing force (all real 
sliafts being necessarily of this kind), and what happens 
ill -felie case of a perfectly true shaft need not be discussed 
a± length. A periodic disturbing force external to the 
orotating system and of the same circular frequency 
xnigflit: be provided!^ in which case the shaft would remain 
perfectly stable at all speeds other than that correspond¬ 
ing* to the natural frequency. Only when a speed 
-oorresponding to the natural frequency is reached 
‘would there be instability. 

Xlxe case considered, of a mass placed centrally on a 
•weiglitless shaft, is chosen for its simplicity in demon- 
sinrating the particular points raised. The more com¬ 
plicated happenings of whirling, e.g. second and other 
ordtical speeds, are, however, explainable with increased 
simplicity on the vibration theol’y. A shaft may 
wliirl in as many ways as it can be set into transverse 
viloration.^ v 

If tlae masses are so placed, e.g. at the end of an 
ovferliung shaft, that their plane of rotatiqp. is afiected 
by wl3-i3rling, the*! g 3 rrostatic forces will be cafied into 
pla,y wliich may slightly modify the fundamental 
cri±»a.l speeds and even introduce others entirely due 
to gyrofiftatic action. This has been investigated by 
Stfodola (see Bibliography). 
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By C. 0. Brettelle, Member. 

(AsstRACT 0 / Address, d^ivered at Middlesbrough, 2Zrd Nauember, 1923,)^ 

ELECTRICITY SUPPLY-^SOME TENDENCIES, 


The title ^veji to this address, implies a regard for 
the future and therefore for the past also, since it 
is necessary to study history if only in order to prevent 
hiltory repeating itself. In 1882,* tlie year of die 
first Electric Lighting Act, two, theories were upper¬ 
most in men’s minds, and with those theories new 
subjects for industrial legislation had to .be squared. 
One was the kind of municipal: socialism associated 
with Joseph Chamberlain’s early; career, and the other 
rested on a belief in the . virtue of uilrestricted .com¬ 
petition and unfettered private enterprise. .These not 
altogether compatible views were compromised ip. the 
Act refolded to by jettisoning private enterprise; for 
the terms upon which it was permitted to function 
were such ^ to make it an adventure too' speculative 
to win the investor, mid too. sure not to yield a golden 
harvest to excite the speculator. Thus the role of 

pioneer mainly devolved, upon the municipalities, which 

was not o^y a reversal of the orthodox principle: that 
the financi^ risl^ attaching to untried schemes , should 
be le^to mdividual effort, but it also deprived the 
indus^. of 1h.e greater latitude in .experiment, so 
valuable in initial stages,, more readily poesible under 
private control. At present time the total capital 
sunk in ihe supply industry is dose on £200 000 000 
(nearly double what it was in 1914). divided about 
equally between public and private interests. Of the 
Pnvatdy subscribed, 40 per cent is in the 

that 

gS ^ inducements to capital are not any too 

overlooked was. on the one 
^d, ^t the needs of local government did not 

suM^^ suitable for tiie 

°ther band, that 

dectr^ty from public mains has, and always will have 
pow^ competitors, since people want %ht power 

factoi- . "^alue of competition as a 

fact^ m keepmg prices at a low levd is dependent 

.f” 

tms ratio has always been very high: as standing 
c^ges, rightly considered, include not oi?y 

that do 

peaks boaeiB between 


. c 

. Nevertheless, it ivas rdeemed advisable to make 
TOmpetition compulsory by Act of Parliament, and so 
m London we find Orders for the same area granted 
to two companies wWdi, until 1908, w'ere forbidden to 
combine or enter into worlang arrangements, and 
were compelled to lay their cables in the same streets. 
Thus standing charges were duplicated .and the afldi- 
tional cost necessarily handed on to the consiiiners 
It was not until the year 1900 that a broiuler %'ievv 
was reflected in the passing of special"Ads for Ihn 
s^ply of energy for power purposes over wide area.s. 
The incentive came from an awakening to the po.ssi- 
bibbes of extra-high-tension tliree-phase transmi.ssion. 
Tedmical and commercial considerations alike dotnaiulcii 
that the supply of electricity should be regarded as 
something more than a struggle witli tho local gas 
undertaking, and 3n advance from the parochial to 
the regional outlook was made. Progress toward.s the 
present stage waS hastened by the. imprcssivencs,s of 
tte work performed by electricity during 'the war ; 
but the^ ap^pmtment of a directing'and co-ordinating 
body^such as the Commission wouH have beconits 
sooner or later, as necessary to our welfare in peace as 

^ app 9 iutn«nd:, 

togetter wth ihe Electrical Development A*.ociatiou 
jomtly sutei^ed by undertakings for their ‘coininm 
good, s^bohzes the advance, as it were, from tho 
heptarchy, ^ aggregate of isolated units, to the nation 
related parts each cnjoyiim 
a hberal measure of sdf-goverament. The coniing ^ 
the ^mmissionem is perhaps 10 years over.lnft, but 
not much more, since in the earliest days of any move- 
ment a tendency towards semi-anarchy has ite value 
in breeding a race.of self-rdiiant men and in producinir 
a welter of ^ffering ideas and practices. fr!,m which 
a later centrahzation can select. I’articukirlv iu iliis 
ffiveaity taly IITi u,,,” 

ter^d muddling through ” and is as wasteful unci 
^ triumphant in its result as evolution itself of whirh 
mdeed it is but a healthy manifestatioiL 
Another sign of the trend towards tho larifer outlook 
is seen in the machinery voluntarily sot tfli for tho* 
toion of matters of common interest amot f « 
tteee p^ers in industry, viz. capital. tcchniAl and 
adi^i^ative staffs, and manual workom i„ 
electnc^ supply industry the Whitley idea i.s uerlrmt 
«mc^e sriongly entrenched than an3rwhere mid slioiild 
undoubtedly arouse esprit de corps amcmT^ii 
work within it, in addition to servii^ its 
purpose ^ encouraging conciUatory memda '"'The 
need to attract capital has beep referred to, but brS 
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are requisite for its application. In order to attract 
• good men remuneration must be adequate, and an 
improvement is to be noted in this respect from the 
days when it might truthfully fce^aid that the income 
of an electrical engineer did not run to the consumption 
of his own product. Insistence on proper traiil^ng and 
qualifications of entra^nts is'^a necessary concomitant. 
Recent apprenticeship schemes appear to have this in 
view rather that? Ifess «desirable ends, while it is signi¬ 
ficant that this question of training is now being dealt 
with by the \Vliitl#y Boards and also that many public 
bodies require candidates tfor positions to hold some 
grade of membership of* this Institution. 

That the new times reqhire more scientifically- 
trained men than did the old days wiU be patent to 
anyone comparing one of. the older stations with a 
modem more or less standardized turbine station. 

Then the most important instruments were on the 
switchboard, facilitating maintenance or restoration of 
supply, while only a COg recorder (if that) gave some 
land of a clue, as to what was the efficiency of the 
stoking. The^chief qualities of a good station engineer 

TnTo resource in emergency, whereas 

to-day his counterpart is almost necessarily a fuel 
economist first of all, and the most carefully regarded 
moments axe (or should be) in the boiler house. 
Technical education, however, has its limitations, 

afeuLT^r^^r is less than 

eduSi^ anri by a general 

f knowledge of the world tliat wdU 
him to profit by every enlargement of hi <5 

lhat STe alSmSo 

abiUte^of^F surviyal of Western civihzation will be tlie 
facSiefto adapt moralan(imental 

MamSiJj “ mechanics. 

pSSSv^o be proportion are ^efefore 

? desired m elfectrlcal en^eem wlia-se I 

^essive. It may be that on the NoxSi-eL 
are apt to underrate th, 

in force wherever practicabk w assistance are 
poiyer companies aS ninnidpalities. 

disposal. These heat for 

<or havii^ come 

actions—the only effide^ = business trans- 

fiatemity that our SStfou or 

dealing with its Wants on a devised for 

systems of supply'Se jm” ^ ^ 

»n the most advanced SL? “^^4? 

say, the best of the exiS “ to 

current power-stations wiu\)edi^^'JP^®!f altetnating- 
ment the outout of ^ *0 supple- 

lOO per cent Sad facds^JS ^ near 

V. ^ as possible; and subject to the 


____ II,I 

control of ono load* dispali-lu-r for tadi •,.r,„i*|. fh,, 
capacity of flu-.se new slalioii.s will |„, j,s lan.,, a-s n,.r- 
mitted by the .sites available, liaviag ,l„e ,i„ 
water supply ati.l railwai sidirif-s, l„it will pn.I.ablv 
not greatly excewl UUll (Mitt k\\* „i,der u,w r««.f. .Vax- 
iliary plant, it go»*s willioal sjiviii}', will be driven bv 
altcrnaUnM-ciirreid; molor.s. TlasuKd eliieieneies will 
probably bo at leasr.'Sn per eeni lietier lha» the lii!'lic'!!i 

I '’l•lailu■d. or in ot^er unnls 

1 kWh will be Koiieraled from little more than 1.' Ih 
of fncl winch is muler I.all of kad y.-ar-.s aver.iue for 

all public generating ... ||,onj.|, whellaV the 

last 1 per emit or so of snelt eliii-ieiiev will jnsiilV llu> 
cost of obtaiiiiiig if has to he pmvej . ’ 

Coal, l.y meai.K of wliiel, all hnl a p,..*. of at 

thousaml imllinn nnils wmv generated |„s| vear (or 
public .sujiply, will doubtless < oiitiime to t>e the niTin 
source of onr eiierg.v. Tint tendei.ev «ill he to .a'ise 
steam pressures considi'rahly, mul the 475 )(,. 
at Olio power station in this neighhomhood is prohahlv 
only the prec.ir.sor of still greater adv.ui.es S 
practice. 1 he gas tiirhiiie, however, is an inteie,tim, 
po.ssibiIity of tin* liduiar. Due of Jtihtiii kW is s.iid to 
c riiiinmg on oil-gas in Cermaiiv with an <»veiall 

less, probably n<d: suliiciently in advame of reasonahlv 
auticiiiatcd steam perforiiiame to alfect the siinalioii 

fachS.”’ =‘II ridevai.t 

power, with its siiperlieial piuspeet of e..|(inir 
somothmg for notlihig. has its faseteations for m'mv 
people, but the aiiiomd. of coal to hi- saved hv fhi*.- 
nieans ,s not likely lu he appreeiahle. I,! 'es f 

^12 mnr O ^ “W'*‘-Rate outimt now Iw-iim ))„t 

“I"”,’!'";"' 'i 

K u“ “ u !""‘ ' 

P»c, 

actind c;.stT2™t h 

favourablv uHth ><1 4 < nii.Huiutfr can coni|Hiri» 

factor approachinr'lnl 

already been done in tin-^1.1'of t'^' 

in North Wales 'oat al"'»»mmu works 

clmrgej noT inS-ite , r*'' -"Tit-'d 

lines® beingri^JS ‘^-xlilnre o„.,nne.mlssion 

relatively of ^ less imnow "I »iH«s am 

illusory hopes are SI 1.0 r '’“"*'*«*■ nianncr 

184 million unitsVt-re^ '*' aiminiit of 

high owing to the ' ‘-•T^Pdal cbai-ges per unit are 
power stations and ’he 

independent standby ^ provide fidw|ual.e 

ewnaoy, Jht.s 8<i„rce, moreover, will 
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tend to dr}^ up due to more efficient plant reducing 
the amount of waste heat for disposal and due to its 
intensive use in the works themselves, either as raw 
heat or else for the generation of electricity for major 
operations such as smelting, rolling and winding, so 
that the other requirements of the works must be 
supplemented by current from the pubhc mainc 
'"Although.it would seem that "coal is destined to 
continue "to occupy the premier place as fuel in the 
production of electricity, it does not follow that com¬ 
bustion wiU always be carried out in the same wasteful 
manner as it is to-day. A far-psaching development 
yould be the generation of steam for producing elec- 
tacity as a„,by-prpduct of the slow destruction of coal 
for Its valuable constituents. So far very little has 
^n attempted in this direction, but it would appear 
for the dangerous game of prophecy. 
Turning to the question of transmission, the three- 
phase system will, it is safe to assume, hold its own 
a pressures in excess of those now in common use in 
this country, and 60 000 to 70 000 volts is Ukely to 
be common practice in the early future. 

__ It is not suggested that what are sometimes termed 
super-power stations ’’ with extra-high-tension trans- 
wwr .‘^^“and for electricity every- 

Imf • station situated at L 

^t^ce from a transmission system and 

StnH* will no doubt continue 

ite individual existence as long as its operating costs 

rasou^**^°“^^ interconnection commercially 

remain the problems of supply to the 

n^s of the first can m most cases be met. until a 
bulk supply becomes available, by oil 
suction producer-gas engines. 4pply i TSae^r 

Sut to b, etaWMttd 

powers, as the £300 or so necessarv 
j+__ Parliamentary sanction would be a heavy 

takina ener^ t ^ extent by 

petrol or paraffin set at ToTr ' ^ ®“*dl 

of a hardware mercLnt vriK Premises 

from the sale of cuSnf ° financial loss 

profit to bf^^vS the exiguous 

fittings. A further altema+i*'^*'^^ houses and selling 
wth the local gas uudertakinr(ir^t 

be designed to bJ s^ 

aa coXt aSoSirjSSrroro/^'^S”*’ 

in view of the exoensp question, 

only from dusk to dawn in .^onld be available 

biUty must be deemed Jo be “stances, and reUa- 
aeemea JO be of quite secondary import- 


■W * * * * J. i-W ATJ. X H 




ance. Over-insurance in this respect, always to be 
guarded a|fainst, would prove an insuperable handicap 
to a small concern. • * 

The cost of tapjfciy a transmission line, without 
sacrificing its security, to meet a demand of a few 
kilowaIRs is often almost prohibitive,, and, a*fortiori 
to supply individual faitis is generally entirely .so.’ 
There is here a very important field for investigation 
since it is imperative that agricultlife should receive 
whatever stimulus may be possible. Apart from the 
necessity of a modicum of home-gr(?wn food in case of 
national emergency, it is* essential that we. as an 
industrial country, should coiftinue to recuperate our 
urban stock from men ‘reared in more natural siir- 
roundings. 

While referring to distributing systems it would be 
as wellJ:o touch upon the question of their admini.s- 
tration. It is on the whole desirable that this side 
•X business, which does not noticeably lend 
Itself to centraUzed control, should remain in its present 
l^ds, whether municipal or company. It is, never¬ 
theless, urgent that steps should be taken to .secure a 
^eater measure of uniformity in low-tension pressure.s. 
As tMugs are, apparatus in use in one town may be 
ite^ms?^"* elsewhere, and this must add appreciably to 

If electricity is to be generated and transmitted as 
three-ph^e altematmg current there is a clear gain 
m distnbuting it qp this or, in the case of residential 
or shopping centres, on the single-phase systt-m. Any 
peaal adv^taggs of direct current are in all but a 
few c^es offset by the cost of. aiftl losses .in, trans- 

S'^^n Tt il f on the maintcnayce 

of aitl* without the flexibility 

of alternating current to cope witli ovcrioadintr in 

“SSal with tlie growth of suburb. 

intemw/" «^^®rtheless no substftute* for 

mteihgence in deahng wth special instance's. Thus 

whf^r *^® “^“Strial quarter of a towni 

where many direct-current motors have been installed 
^e cost of replacing which would more thL baffinc ' 

^tenSjTurreiS^^r ^ change-»ver Rb 

. current. In this connection it should lu. 

suStationT^l^l attendance at conv<frting 

rectifier stations’ iust « ^® of «Jnall 

present-day motoiiit L requirement of the* 

pump. ^ are met by the kerb-side petrol 

ces^i'^mShtog industrial pro¬ 
will undoubtedly be found^^ ’ ®^®^ enclave 

One feels aWcF ^ ^ railway traction. 
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US to a* fax - reaching high - tension direct - current 
scheme. * , 

Electrification 'of the main lines will undoubtedly 
have an important bearing on tli^e transmission schemes 
of the future, and it is greatly to be hoped that the 
railway ^ompai^es will now tackle this problem in 
earnest. One cannot# but suppose that the North- 
Eastern Railway, if its past record is any criterion, 
would have alreaJdf’ mcde more headway in this direc¬ 
tion but for the necessity of waiting for otlier districts 
to come into line. ^Sir Vincent Raven’s datum line of 
2 lb, of coal per unit will without doubt be common 
power-station .practice before the railways are ready. 
The electrification of suburban traf&c, where quick 
acceleration is of greatest importance, has long passed 
beyond debate, and mineral transport has been tried 
within a few miles of this hall. Standby losses that 
have so much weight in the latter case are of greater 
moment than is generally realized in express train 
service, while the flattening out of maximum speeds 
may be expected to reduce maintenance costs. 

Main-line tnaction, though representing a potential 
demand for electrical energy on a colossal scale—^no 
estimate of the extent appears to be available—^is 
only one of the directions in which immense develop¬ 
ments may be expected. Heating in all its forms 
presents an almost limitless field. The possibilities of 
the situation may be sensed from what is already a 
fact in the United States. At Piijsburg we find no 
less thanr 336 000 kW of industrial heating load, of 
which roughly two-thirds are accounted for by the 
iron and steel works, leaving no less than 110 000 kW 
for ^various industrial uses. 

So far the scope of domestic heating (which includes 
cooking) has been restricted to fairly well-to-do people 
and to somewhat specialized housing schemes^. It is 
in ttiis respect that electrfcit^ now meets with the 
keenest competition, especially in providing economically 
enpugh hot water to fulfil civilized needs. General 
acceptance of its superiority to other heating agents 
calls for the education of the public along lines familiar 
td those of us who remember the debates of some 20 
years ago as to whether electricity was even as good 
an illflminant as gas, and when it was generally assumed 
to be necessarily much more expensive. It is true that 
electric lamps have been considerably improved since 
those days, but also it is clear that in the design of 
cooking and heating apparatus finality is a good way 
ahead .of us. That the public is now ii^ a mood to 
respofld to culture is shown by the fact that last year 
the consumption of electricity in this country was 
greater than «at any previous period—greater than 
during the war or the post-war boom. This increase 
is attribul^d mainly to domestic , uses, which, unaflected 
to the same' degree as industrial supplies by trade 
depression, have justified the expectation of their 
stabilizing eflect on output. 

The goal of the supply industry is to fulfil a public 
service and not merely to indicate with what efficiency 
we can generate electricity, however important a 
bearing the* latter may have on the position, and the 
credit of low works costs is a barren one unless we 
can at the same time awaken a demand for the product. 


The old saying that*** demand creates supply is true 
only up to the point of normal saturation. If that 
point is to be passed—and judged by modern standards 
it is reached at so early a stage that a commercial 
system dependent upon it wdtild be primitive in the 
extreme—the supply must create the demand. 

The utilitarian philosophy, which left its mark on the 
methods of the last ^ntury, failed to take into account, 
among other things, that lack of introspective faculty 
is common and that iiiertia is the ruling passion of 
mankind. Man does not intuitively know what he 
wants, save as he is directed by a few primitive 
impulses, and he is usually disinclined to make mucjji 
effort to discover his needs beyond satisfaction of 
such impulses, ambition included. The fruits of the 
increasingly large sums spent during the last decade 
in advertising furnish an indication of how suppty 
creates the demand; and we have a more pointed 
illustration in the forward policy of some gas under¬ 
takings which let out cookers and fires either free or 
at a nominal rent in order to excite a demand for their 
gas. The result is an effective demand many hundreds 
per cent in excess of the unexcited demand. In addi¬ 
tion to the demand thus directly created there is a 
further stimulant in the suggestion of the abihty of 
the familiar agent—electricity, gas or whatever it 
may be—^to fulfil various requirements. It will be 
evident that the development of electrical heating to 
an appreciable degree depends upon the cost and 
reliability of the apparatus, and this implies its hire, 
supervision and maintenance by the supply authority. 
A supply authority would do well to confine its atten¬ 
tion in this respect to such apparatus as really fulfils a 
daily need and which consumes an appreciable amount 
of energy. Other articles will, with the help of a 
suitable tariff and educative propaganda, find their 
way into common use as a matter of course. 

One method of compassing this excitation would be 
to set aside a portion of any financial surplus to form 
the basis of what might be called a profit-sharing 
scheme with the consumers. Each of the latter would 
be presented on payment of bis account with a voucher 
proportional in value to the amount paid for current 
in the preceding 12 months. These vouchers could be 
exchanged for, or given in part pa 3 nnent of, scheduled 
current-consuming apparatus at the showrooms of 
contractors or of the undertaking itself, in which the 
cashier’s office should be located. Presumably the 
next, year there would be an increase in consumption 
of current , and therefore in the profits and also, with 
snowball effect, in the kilowatts of the apparatus 
given to the consumers as their share in this co-operative 
enterprise, and so on. 

The framing of a suitable tariff plays a very important 
part in the process of stimulation. The most suc¬ 
cessful domestic tariffs include a liigh fixed charge 
(whether based on the number of lampholders installed, 
rateable value, floor space, or so many units at a high 
figure, etc.) and a low running charge. The ideal to 
be aimed at is to reduce the latter to negligible propor¬ 
tions, thus at the same time meeting the standing 
charges of the supply authority and enabling the con¬ 
sumer to anticipate within a small margin what his 
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liabilities will be. The arrUre-pensde is of course that 
the consumer will use current more freely. A choice 
of tariffs at the present stage, when new habits of 
thought have to be inculcated and psychology has 
therefore to be taken iifto account, can well be offered 
to prospective consumers who press for it. It is no 
longer incumbent on an undertaking to charge on a 
fiat rate of. so much per unit; ^ut it will probably 
be expedient to continue to do so rather than lose 
business, if only for the sake of the consumer who 
desires simplicity above ever 3 dhing, provided the fiat 
rate be made less favourable tljan those constructed 
on a more scientific basis. This proviso is quite legiti¬ 
mate, sinqe the consumer chooses the flat rate either 
out of idiosyncrasy or else because he finds it enables 
him to evade his share of the standing charges. 

So much for domestic tariffs designed mainly to 
foster the heating load with its desirable possibility of 
a Sunday peak. . The industrial load naturally requires 
a different method of approach. There is in the first 
place the greater amount of current consumed. There 
is also the> greater’ diversity, of. conditions, as well as 
the necessity for a direct reference to economic values, 
which are not always the chief care of the same 
individual consumer qua domestic man. 

A rough approxiination towards covering standing 
charges such as may be allowed in a domestic tariff 
would be unsuitable for industry, though the same 
general principle should be adopted (as in the case of 
water power supplies) of a fixed charge as high as 
possible and a running charge as low as- possible. The 
importance of standing charges cannot be too much 
stressed. To take an example from figures recently 
cited in -the technical Press in connection with a modern 
medium-sized generating station. It was found that 
to increase the load factor from 20 per cent to 40 per 
cent decreased the fuel cost per unit by only 5 per 
cent, and that the total cost of repairs, maintenance, 
oil, water and stores increased in proportion to the 
ou’tput. For the same variation in load factor, the 
capital charges and salaries aid wages per unit were 
halved. Thus running charges drop from, say, 0*41d. 
to 0-398d. per unit, whereas standing charges drop 
from 0’614d. to 0*307d. per unit. Carry this 
calculation to 100 per cent load factor and we 
find running charges 0-386d., as compared with only 
0*204d. standing charges.' These standing charges* 
refer to the generating station only. If they be doubled* 
it will show nearly enough for our purpose the effect 
of standing charges on the position of the undertaking 
as a whole. In designing a tariff, running charges 
can .conveniently be considered to be constant within 
limits for a given price of coal, but the standing charges 
have to be adjusted over a -wide range if they, are to 
be equitable. The maximum-demand system usually 
meets •the case between consumers of the same class,* 
but not necessarily between those of different classes. 
For instance, the maximum load of one consumer 
may coincide with the peak load of the station, whereas 
that of another may.be. made at a more convenient 
hour of the day or night or during the week-end, thus 
adding Very little to the standing charges of the under*!* 
taking.; Care .must J;^e -taken to avoid, incorrectly 


allocating standing charges so as to depreciate the 
competitive value of electricity. 

In practice it is not, of course, always possible to 
carry fully into effeft tliese principles, which are based,' 
as most principles are, upon a static conceptioir of 
things.* In reality conditions are foi^ ever Changing, 
so that a reasonable estimate o4 net results has to be 
made for some time ahead, and some compromise is 
necessary. The consumption and •demand at every 
works fluctuate from month to month; strikes, lock¬ 
outs and foreign complications occur; or the under¬ 
taking develops, necessita1!ing the® installation of . new 
plant and mains, more or le^ costly than the old. 

The flat rate usually* quoted for current taken in 
relatively small quantities is more defensible for motive 
power tiian for lighting. If a two-part tariff wdre 
imposed upon each consumer operating one or two 
motors intermittently, the resultant average rate per 
unit would frequentiy be prohibity^^e. It would also 
be inequitable, as the diversity of the incidence of' 
the demand on the power station makes it probable 
that ike, standing charges would be considerably more 
than covered. It will be obvious, however, that a 
flat rate is a compromise and must In many, cases' 
involve the undertaking in a loss. ! i 

It has been said that commercial supremacy in days 
to come ‘will fall to the nation having the most effi-f 
ciently exploited resources for the generatioh :of elec-? 
tricity in abundai^e. Let us for the moment imagine 
oursdves living in the omnipotent and omniscient 
State of the Utopians. We will assume that the State 
has made a special feature of electricity supply: The 
rulers would desire to foster various industries, some, 
for the^weaith they would bring to the country, others 
for advantages of a social kind. Tliere would be no. 
better instrument to their hand for cdmpassing their 
ends than electricity;* iar electricity pro^des*^ the 
almost ideal flexible coupling between -the prime mo*vf^r. 
of the most efficient kind and the smallest machine, 
and presents an extreme illustration of the economic 
paradox that the displacement of the labour of hundreds 
of men may provide work for thousands. It furnistefes 
the only practicable means of de-concentrating industry,, 
and is the sole hope of any revival of cottage drafts¬ 
manship. It brings the only prospect of dissipating 
the pillar of cloud by day and by night over our cities* 
and makes possible cleanliness without drudgery in 
the home. It also gives an enlargement of intellectual' 
and materis^ resources by its instrument^ty in prori 
moting rapid and economical transport. In •fehprt, 
electricity presents the best material framework oh 
which to base the old democratic formula of '^the. 
greatest happiness of the greatest number.^* We know, 
of course, that such a State and such rulers ♦never wiDf 
exist, and that any less perfect substitute would’ not 
fulfil our purpose as weh as we can with reasonable 
luck and courage accomplish it ourselves. But Utopias: 
have their uses. They present to our view some kind 
of a mirage towards which to blaze out our path;i 
knowing that we must depend on our own efforts, yet 
willing to co-operate with all* who have a simil^ goal; 
rubbing off our angles in the give-and-take of .'things,^ 
and, it may be,, gaining a: few bruises in'their steacU^ 
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By G. A. JuTitm, Member. 

(Abstract of Address delivered at MANcnKsrriR. iUh 


The electrical industry, in common with other great 
industries, is at present passing through diihcult times, 
and no one can predict what the future has in store. 
It is at such times as the^ that the moral fibre of those 
engaged in the industry is tested to its utmost. 

I think it is well that we should realize that our 
Institution has a great responsibility, and that it 
behoves everyone to pull his full weight in order to 
make a speedy recovery possible. Kow this weight 
is to be applied n»ust of necessity be determined by 
each member himself, but I suggest that one way is 
to attend our meetings and to give his knowledge freely. 
It is also incumbent upon those responsible for the 
governing of the Institution to give every facility to 
all members to contribute papers and to enter into 
the discussions. 

I. am not sure that at present we are worldng on tlae 
best lines to obtain the results that we wish to obtain,; 
which I take to be the lifting of our industry to the 
highest posable eminence throughoijt the world. To 
attain this portion it is necessary to encourage every 
branch of the industry to give its quqf:a of knowledge; 
but l am afraid that our present S 3 ^tem is not conducive 
to this condition. -There seems to me to be a tendency 
to set a standard ^hich deters members frort progenting 
papers, because they feel that the subject witli jvhich 
^ey^ are able to deal is too jnundane to present in the 
form of paper, or that it is ilot sufficiently technical 
t(^ be accepted.. 

In order to obtain the best results from an industry 

maker of the pl^ 
dSL contact. It would therefore appear 

d^bie to encourage papers from operating engines. 

US^ also power 

®0“stantly being introduce as 
a motive power mto new. fields, each having ■ special 

the co^truction or the general lay-out of the plant 

^mider. for example, colliery ins^atiqps with toefr 
m^y special requirements. This is, ^ course a 
JeSs in use mknJ 

and^to?^^ co-operation between this Institution 

organization should ^^ter 

engineers, and it would r a-h-o * i ^^ning electrical 

^ b, „ad. t. 

b “ .lecttioity i, 

loom ibr, a.*:. to be 


Speaking from llje |H<iiii of view of iiiaiiiifiK turing. 
there .scein.s to lui mvil lor moiv in i oiin.clion 

with acliinl w.irk..iluy> pr.ililini.v,. T|,i„ sid,. „| „„r 
industry is not strongly represontiHl in Hit- fiisliintion 
and 1 am conviiicwi ll.at this lari Uj ittanhii!' onr 
prograss i-rry ronsi«l(!ial>ly. * * 

It is net jHissihlt; to ohiain salislac lory irsulls wilhont 
considering all fmdors lliiil inakr thr wliolr, A|„„ri- 
factnring inri.hods are so rlosely rrlalrd |., r 1. si,mill!' 
that they c.'ui harflly be .si‘|>;irrit(*«l if progress is in he 
made. WJiile cliwigncr.s inteivliaiigr views tliioiifh the 
medium of onr imieUngs. there is a .great deal of retin-nre 
regarding shop inatls’rs. fhis is very af,parent when 
comparing the eonditions in this ve;.])e<d in the latiled 
States with tlnisr* in Ihi.s eonniry. 

1 urn lirinly of Ih*! oi)inion that a great deal ronifi 
be done l>y enanirnging the members l„ pre.seid: papers 
dealing with mamifaotnring problems aiicl shop organiza- 
tion. It would certainly bring nut the fact that the 
manufacturing side ttlhnii ti priiitiisiiig held for the 
technically trained engineer, whieh held d.»es not .seem 
to be fully apprecititeil at pre.sent. 

The statement that we can solve our indnslrial 
I^oblem only by increasing onlpni has been made so 
often that it i.s becoming haeltmyved. 1 elo not think 
It IS apiirociatcd, however, that this caniuit be ohlainwi 
by the efforts of tln! workmen aUme. It can only he 
done by careful organization anti elimination of n.sele.s,s 
effort, and tlu,s surely is the work of the engineer, 
whether he be engaged in dtssigning or mamifaciuringl 
I believe that it is beeatise this fad has luten recouuiztal 
Htates that they have progrtsssed st> fa.st. 

There are of course many ollntr factors, which cannot 
oe dealt with ht-Te, ctindudvo to flit; rapiti stritles of 
electrical engineering in America. Tlimt* i.s one factor 
however, vvhich is very promintmt. Tlui ipastion t,f 
utility IS the keynote of all work. Super-es. ellmi. e is 
not looketl for or oon.sitlensl* to hi, wortJi paving for. 

I was impressed by the remarks of an Amei ican opeialing 
engineer looking at u switchlioartl over lane, hi the 
eiiect that there was an uimece.s.sarv amount of niclsel- 

--'n'l 9'c hoard generally, 

«e said ; In mir country we consider it had. 1«,cause 
t >s apt to distract the aUentioii of the operator due 
to the rollcction of the lighting. \t e beliele that the 

Tt tf o r’''o»''”ent thing on the hoard." 

1 18 dilficult to decide how far to go in reganl to the 

••ippt>arance, for there is undmihtedly 
resSriJwI’rmliiced in giving the mtm 
whf^h f looking after tin, iilant soniolhing in 

iTi somir” I -Wst that the mem, 

aS “““ 

In comparing electrical development in this country 
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with the pi^igress in America, it is necessary to consider 
the conditions affecting these developments. Natural 
resources in the form of water power have been potent 
factors in developing the electrical industry in America, 
coupled with the fact fhat very few towns had a gas 
supply at the time electricity was introduced. In 
this country, on the other hand, electricity has had 
tb competf^ with a highly developed gas industry, 
which naturally retarded its progress. 

One must also bear in mind that labour conditions have 
a great influence on the amount of power used in industry 
generally, and countries where Jabour is scarce have 
l|?een forced to adopt means to reduce hand labour to 
the greategit posable extent. 

While the progress in respect of the quantity of 
electrical plant in this country is behind that of other 
c5untries the quality is, in my opinion, second to none. 
I think that this is reflected in the excellent results 
as regards continuity of supply from our generating 
stations. 

Generating Plant. 

"With regard to the size of units, British manufacturers 
are in a position to meet the demands in this respect. 
.Sets capable of developing 40 000 kVA at 1 600 r.p.m., 
and 18 ^60 kVA at 3 000 r.p.m., are in commercial 
operation, and 26 000-kVA units at 3 000 r.p.m. are 
under construction. Ten years ago the largest unit 
at 3 000 r.p.m. was of 3 760 kVA rating, so that the 
development in the size has been truly remarkable. 

The total electrical breakdowns of turbo generating 
plant manufactured, reported by two of the large 
companies, showed that in 1921 the total breakdowns 
experienced on their plant represented less than 1 per 
cent. Recent figures show that this figure is decreasing, 
winch is a splendid result if we consider that pioneer 
work is being undertaken all the time. 

Regarding the size of individual units, it should be 
stated that much larger units have been built both 
in the United States and in Germany than in Great 
Britain, except at 3 000 r.p.m. There seems to be a 
tendency to regard the size of the units built as a measure 
of the manufacturing capabilities of the country, whereas 
it is really only an indication that there is a demand 
for such large units. 

A recent report on the^operation of the 60 000-kVA 
sets installed in Germany durmg the war leads one to 
doubt whether these large units are justified. Should 
the demand for such large units arise in this country, 
however, there is no doubt that it would be met. 

I have not been able to obtain any definite figures 
of the output of turbo generating plant in the United 
States, but I believe it to be approximately 2 million 
kVA per annum. In addition a large amount of 
hydro-electric plant is installed. Comparatively little 
hydro-electric work has been done in this country 
owing to lack of demand. Since the Armistice, however, 
considerable progress has been made in this class of 
work, orders having been received from the Dominions 
for generating plant, high-tension transformers, and 
switchgear. 

The following table shows the total capacity of turbo¬ 
generator plant ordered in each year since 1912; 


Year 

Total kW 

Year 

TottakW 

1912 

162 000 

1918 

344 000 

1913 

271 000 

1919 

600 000 

1914 

269 ^OOj 

1920 

736 000 

1916 

333 000 

1921 

*146 000 

4916 

344 000 

1922, 

339^00 

1917 

562 000 

rl923 

406 000 


I think that this may be regarded as a very satisfactory 
rate of increase, and it is of interest'to note that there 
has been a distinct upward tend^cy during the last 
two years. The small output for 1921 is, of course, 
due to the trade depression. ^ ^ 

TRaJisformers. 

Since the Armistice, rapid strides have been made in 
transformer design and construction in this counliy. 
Considerable progress has been made, both in the size 
of unit and in the maximum voltage, to meet the 
requirements of the large power stations now being 
erected and also the requirements of the Colonial 
markets, where extra-high-tension transmission is being 
rapidly extended. • 

The largest transformers which have so far been 
built in this country are the 19 600-kVA three-phase 
60-cycle transformers for the Barton power station 
of Manchester Corporation, and the 7 800-kVA 
single-phase 26-cycle transformers for the Dalmarnock 
power station of the Glasgow Corporation. The latter 
size corresponds i;p 16 000 kVA at 60 cycles. Both 
these sets of transformers are of the oil-immersed 
forced-cooled typp with oil circulation through external 
coolers provided with water cooling. • 

One of the principal problems in these very large 
units for super-stations is the question of transport 
and handling on site, which considerations goverfi the 
limiting size of units. The 19 600-kVA Barton tjans- 
formers were actually l^uut and shipped to* the site 
with the transformers in the tanks and complete wijh 
oil, the total weight being 60 tons. 

In high-tension transformer work it is satisfactory 
to note that British manufacturers have already obtained 
orders and delivered to the Dominions transfomsers for 
pressures up to 110 000 volts, and it can be confidently 
asserted that British transformer makers are nftw in 
a position to build satisfactory transfoirmers for the 
requirements of any part of •the world, and can success¬ 
fully meet foreign competition. 

Another interesting development, so far ag tra^iformer 
practice in -tfus country is concerned, is the growing 
use of outdoor transformers. These have, of &urse, 
been in use for many years in America, where conditions 
differ from those in this country. • • 

It was not until building costs became so high during 
the war period that the question of butdoor substation^ 
was seriously considered in this country. Such trans¬ 
former substations are now in operation in England, 
in many instances for 22 000 and 33 000 volts, and in 
one case for 66 000 volts. 

The majority of these transformers are connected 
to extra-hdgh-tension underground cables, which are 
led into the transformer through ironclad cable-sealing 
bells or trifurcating boxes of weatherproof construction. 
In agricultural districts where a power supply is being 
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opened up there is also a tendency to place small 
• distribution transformers out of doors, either^ mounted 
on poles or on concrete platforms. 

In extra-high-tension transfordRieffe for cable testing, 

. three-phase sets up to 300 000 volts have recently been 
built in tins counjxy, and single-phase units for insulator 
testing up to 500 000 ;volts. 

• • S\^ITCHGEAR. 

The increase in output from generating stations has 
necessitated development as regards brealdng capacity 
of oil switches, in older to ensure satisfactory clearing 
of faults on the systenfl Armour-clad designs have 
been adopted for systems up td 35 000 volts, individual 
breakers having a rupturing capacity of million 
kVA. AU connectors are insulated and embedded in 
compound, which results in a very compact design, 
American practice has developed in a different 
direction, the phases being completely segregated from 
each other. 

Outdoor switchgear has been developed to correspond 
to the transfosmer development. 

The first station of this type to go into service was 
that at High-street, Manchester. Similar gear is being 
mstaUed at other places. The use of pole-mounted switch- 
ge^ is ^so increasing, several schemes being in progress. 
Considerable advance has been made in the detail 
switches, and all this has increased the 
rehatekty m operation. Extensive tests have been 
undertaken in this country and in the United States. 
The fact that information of this kind is interchanged 
betw^n -^e two Countries is of immense value and 
has the pfiect of fg-cilitating progress. 


• •Industrial Plant. * • 

The ^eatest progress has undoubtedly been made 

pensively and it is satisfactory to find that in 1921 
there were more than 600 electrically driven rollina 
in this country, the largest of these having f 

oith^ null motors have a normal rating of 300 li p 

SivSirthfTo/^r®"*^”?,, electricS 

mvuTg is ^t of a tyre mill, a number of which 

been installed. Owing to the changin g ratio of in«iVio 

to outside diameter of the billet iTS^hS^thl sp^d 

of the rolls must have a variable ratio. Thif is obtained 

Su ^ ^ motor for^c^ 

that prac^^cX fact 

proved L “<! >»vp 

oi dS^^'S.mng‘^,^5 ‘aoo'h 

in the ® i s oi dOO h.p. and above 

a ■Piffle ‘'■‘““"K 

‘“•I l>ors5-pm.i rf i *. ’•*“«»'”* gives the 

s SSi - 

1. 1, 


figures, which are an excellent testimonv to Ihe sncces.sful 
use of electricity. 

Mim.ni; Work, 

Owing to the (lfprt's.setl slafe of the coal iiuluslry, 
comparatively .small progress has heeii made us regards 
the iustallaiiun in collieries of eh‘ctrical plant, exetrpling 
winders. 'Hie iieecK for intn‘aseii output, from ll»‘ 
pits has brought the elecirical winder inl(» nts own, 
and a considerable immher of these have installed’ 
in recent years, hotJi fur altenuvliug aiul for dirtret 
current. 

An interesting dcwelopineril in coniHvikm with 
winders is that known us the ’’S.P/* .st;heni(s llrutilv 
this consists of a ti^fhinedriviiigdirect-euiTenrgenerator.s 
through gearing, with a (lywJieel mounted ou the shaft 
of the generahirs. Hy a .special governor the spe^tl 
of the turbine is nHluced when a peak ticcurs, thus 
allowing the lly\vlie(‘l to give out Us sUirecl (‘Uergy 
111 coniiectifm with the IlywluR*! used in conjiimtioti 
with the ligius' sets, considerable progress has been 
made in design. Uy aihipting special liigli-grade 
materials which permit of high periplieral .sweds il is 
possible to obtain a-liJi li.p..s(*oii,ls of .sionut energy 
per lb. weiglit of the wheel, 'riiis ligure shows a liigh 
degree of efliciency in the iitili/ution of iiiaterial. 

Makink Wokk. 

The use of eleclricily on IxKird .ship is inereasing 
very rapidly. So far it has not been employed to 
any extent ffn* jmipelliiig machinery for Hrilish ships. 
All intere.sting e.\ample of the ii.se of elecliieit>- for 
auxiliary machinery for marine work is that of an oil 
tanker. Thirty ships have Ix'en isptippeil with electri¬ 
cally operated auxiliaries. 

'I'kaction. 

I Considerable progress has heeii made in coiuieclion 
with the idectrilicaliim of railways within the Jiinpirc, 
Although no main-line eUiclrificatioii has been under¬ 
taken III Cleat Britain, some of the Uominions have 
taken the leail in this respect. In South Africa direct 
current at; 3 (gi« volts has been adopted, and for some 
of the Indian Kailways at 1 edt) volts. 

KkCKNT IJliVKUlI'MENIS IN TIIK B.S.A. A.M« CanAKA. 

A-gards the demand 
for electrical plant in the thiited Slates. Turho- 
generators of ti2 noo kVA capadly in one iiiaeliiim are 
under ccmstniction. The .spued uf the.su units in I :*Ud 
r p.m. the frminemy being (in c>cles. I he weight of 
the rotor of one of these machines is over lllh ions. 

I*"’* ^'''’‘’‘■•dors having an onlpnt of 1.5 l««) 
have been m .successful operalioii (tn- uhoiit two 
years in the Oneeiistoii pow.rr house of 111..--< liitario 
1 ovver (.ommission. Idve such imils are at present, in 
of ^Sfj' (hm\cv''A’ ’“‘‘litional .sets each tiaviiig a capacity 

Ti'-.n are uiKlerconstruction for the Niagara 

«‘h'ated on the American 

65 ono VIA 7 ^ having an output of 

»"«hillea. The mtorof one of these 
generators i.s built up of It) riiig.H, side hy .side, each 
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weighing 40 000 lb., the diameter being 23 feet. The 
total weight of each machine is over 700 tons. Some 

Company had a capacity 
of 3 /oO k\V, so that in 20 years the size of indi^dual 

is receiving a great 
deal of consideration, and as an'example of whtt is 
emg dene m this connection may be mentioned that 

capacity is being 

^evrS "i. interconnectog fte 25- ani 

60^3^cle systems of the New York Edison Company. 

000 kVA capadty 

are under^congipction for various power comp^5^ 
hS^“°“ condensers for transmission-line regulation 

ab well as many smaller units. 

wat ^ “Sii-tension transmission work 

mto commercial service of the 220 000- 
South^S®^ Southern California Edison, and the 

Weight of svitch ivith oE 45 tons 
Uil required 

Height to top of terminal 
Size of tanks 


2 000 gallons per pole 
17 ft. 6 in. 

8 ft. X 6 ft. X 8 in. 

Two methods • ®“P®^sory Control" system. 

The first is a svstem^^ control have been developed. 

which link up S the staton^t^J 

is termed “ 4 urf,M» c s^wns to be controUed. This 

for i3^o-elecSS 

stations. The general scheme ?2at“tte 
can at any time ™,+ “® supervisor 

munication with anv*s+a+- “W telephonic com- 
of a spedaUy de^oned^h*^ ^ control by means 

. If he desSs to SSaS 

in, say. No. 4 station he%' f of operation 

means of audible sivnai. i,^ ^ ^ station. By 

^ter, gate opLj ete The“s of 

automatically until ^anotterdiflii^ signals are repeated 
by the supendso^ <i^sJhng .operation is made 

supendsor%af^'ettto^h?^^h^® the 

betheoHeraiLTSi ^oa^tri^r^^- 

or any other operation thaf ^ *^®'*®^* 

warning is obtained by seni^f^iT ^ ^ 
over th line received bv ^ bigh-frequency current 
visor's office. ^ ^ ^oud-speaker in the super- 

Ti* 

to." subMadoBrieSffif?*™!'"*’""'””'” M 

IS as follows : ^ operation of this system 


For each operation in the substation there is a definite 
numerical code. The signal is transmitted by telephone 
keys which operate relays, and these in turn operate an 
automatic selector ^w?h:ch. Through this the code is 
transmitted to the station and decoded by a similar 
selectctr switch which operates the required relays 
perforining any desired operation, such as closing a 
circuit breaker. Having performed the operation, the 
relays signal ba.ck to the superrvisor'the fact that the 
required operation has been performed. Small lamps 
are used for this purpose, hence tlie Visual Control.’* 
The lamps are covered by^ coloured buttons, a red one 
indicating a closed circuit and a wliite one an open 
circuit. The relays aifii selector switches are those 
used for standard automatic telephone work, which 
have been in use for years, so that the system does not 
depend bn new and therefore experimental plant. 

One of the most interesting and, from an operative 
point of view, most important poi^jts is that incorrect 
operation is almost impossible, because the whole 
operation is reported back from the substation to tlie 
super^sor. The receiving circuit used, in connection 
with the sender in the supervisor’s oifice, and the auto¬ 
matic sender in the substation, will not under any 
condition respond to any incomplete or distorted code 
The tramwy company in Cleveland (Ohio) operates 
four automatic substations, which are also controlled 
by a supervisor located in the offices of the company. 
The supervisor ha^ fuU control of all the plant through 
pairs of telephone wires, which are part of the 
telephone comp^ny^s network. Exhaustive tests were 
made before the system was adapted, ia order to 
deterimne whether the arrangemenl: would c?rase any 
s^te ?^?4 H ^ operation of the telephone 

satisfactory 

Opera^on has been highly successful and four more 
substation Me bemg equipped with this control system, 
tram hindness of the chief enginek of the 

wayr company, I was able to see a rotary converter 

»<» ™ ?o aS! 

Of +>, ^ certainly an object lesson on the efficiency 

sup^visoty 

ol bad been installed they had had less difficultv 
m operating the plant when disturbances ^ 

it adopted. This 

as atobuted to the fact «iat the operator is detached 

So influenced by the disturbance, and 

Ab^ aT operation. 

About 40„ equipments to control from 1 to'16 sub 

stotaons are installed or under construction. A dumber 

axe to ^ ^ country 

j 1 respects behind other countries to electrical 

^ ^ Sradually bein^ SduS 

anJ S iestiol of qSiity 

indusii ^313 ■ tJie dectricS 

whether in actual manufacturing or in the 
that maibi Aemands for power 

I sure Of this" that 

win be X ®s I hive no doubt 

to an i^..a “ ®''®^ ^®®s°“ 1°°^ forward 

TO an increased prestige of our industry. 
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PROCEEDINGS OF THE INSTITUTION. 


r02ND OltDlNARV MEl-TING. l.S <.)CTOaiCU. 
(Held in Xuslitulinu '.riieatre,) 


Mr. F. Gill, O.B.E., Past-President, took the chair 

at 6 p.m. 9 • 

The minutes of tlie Afinual General Meetirj^: of llie 
31st May, 1923, were taken as •read and wertj coiiliiTued 
and signed, 

•The Chairman announced the result of the Ixillot itj 
fill the vacancies on the Council [ace InaliiHtion Notv:^ 
No. 39, page (17) July, 1923], and a vote of thanks was 
passed to the scrutineers of the ballot. 

A list of candidates for election and transfer ap|nT.>voil 
by the Council for ballot was taken as read and was 
ordered to be .suspended in the Hall. 

The following list of donors was taken as read and 
the thanks of the meeting were accorded to I lie in. 

Benevolent Fund : F. W. D. Adcock; Anonymous ; 

F. J. Baldwin; C. A. Beaton; A. L. Bedfonl ; li, .K, 
Blackiston.; E. W. Broadbent; J. E. Calvevley ; F. \V. 
Capper; H. Cheesman; G. D. Clegg; C. IL C.'olhorn ; 
A. C. de Oliveira; E. T. G. Donovan ; W. I)imean ; 
F. J. Edgar; A. R. Everest; W. Eynon ; L. K. F<dix- 
Smith; C. F. Fowler; A. Graham ; J. E. W. Cirainge ; 

F. W. Green; E. •Greenhalgh; J, C?, Grimn; W. IC. 
Haley; E, Jialton; J. S. Hasdcll; K. A. Hick; 

G. ’A. I5. Hill; ft. S, Hobson; H, Hcn^rd K. J, 

Hunter; V. R. ^iurle; The Informal Meetings Com¬ 
mittee (per J. F. Avda) ; H. B. Jackson; C, 

Jacteson > L, G, Jeary; A •Bjp Johnstone ; \V. H. M. 
Kelman j H. Kitchen; W. Lane ; F, A. I..awson ; 
JTLingard ; P. G. Lloyd ; G. A, Maquay ; F. C. Meuhy ; 
A.* W. Metcalf ; J. Mirrey ; A. T. K. Moir ; F. Morton ; 
S. R. Mullard; C. A. Newell j G. Nicolsoii; A, AI. 
Niven^ W. H. Parker; A. S. Peek; L. W. PhilUps; 
W. Redman; A. J. Roberts; J. Russell; C. V, Samp¬ 
son ;«C. D. Scrafton; J. F. Shipley; J. W. Slorach ; 
J. L. Smitli;‘W. E. Swale; A. M. Taylor; J. A, 
Troughton; E. O. Turner; R. N. Vyvyan; S. J. 
Watson ; Western Centre (per T, Hood); J. W. Wlieelcr; 

H. K:. Whitehorn; E. William.s; F, H. Williams; 
L. Et Wood ; T. Wood, 

Th% Premiums and Scholarships [see InsiiUitum 
Notes, No. 39, page (18), July, and No. 40, page (21), 
October, 192^ awarded during the sessidu 1022 23 
were presented by the Chairman to .such of the 
jrecipients^ as were present. 

. The chair was then vacated by Mr, F. Gill and taken 
Alexander Russell amid applause, 

I>r. S. Zt. de Ferranti: When one rememXiers the 
size to which this Institution has grown; whim one 
recalls the leading position that it occupies in the country 
and the vast electrical interests that it represent.s, one 
^ah^s, in-some small degree, the responsibility of its 
Present. By rights I should have run over the work 
Of the past year and reminded you of all that has 


hi*(Ui dune ill the iutinvsts <if thy i.‘hHini:a1 industry 
in which Mr. Gill, mir reliting President, Jia>i of 
course taken a Icadiifg part. Gii lu*half of all of the 
j mcinlicrs I llumU Mr. C»ill most warndy for ah he has 
j iloiie tlnriiig hts year of ultke. ‘IIStc thing 

I in counectiijn with what he has ihme of which 1 
\ should like specially to reinind you. Everyone loHldy 
is seeking t»eace among the luilions, and all sf»r<s 
of sclienies arc l>eitig devisiTl for ensuring it;, t>iic of 
the chief means uf hringing about this result is, i think, 
the freest possible inlcrcomnnimcuitiou. Not only do 
I we want easy and hist travelling between all pa i ts of 
j the earth, so that people may see each other and get 
to know each oilier better in these busy times, Init we 
j want something more than that; we want instant and 
1 din‘ct ecmimunicatitm with many people. Miv Gill has 
! done a great di*al in the way of recDmim.'uding the lines 
j that, should he followid to obtain a much innve efJidmit 
1 iuternalioiml telephonic eommuiueatiou. 'rinil, 1 am 
j Hure, has been most valuable work. Mr, Gill is, as ytm 
I know, an expert on all telephonic inatter.s, anil I shmild 
j say on every iiieanH of electrical eoimmmicatiun. Know- 
j ledge is a great and important thing tliat carries much 
j power witli it; but I think you will all agn*e with me 
j that thitre is sometliing greater than kiumdedge, and 
that is character, 'riiis our retiring President posse.sja?s 
I ami has shown to a great degri.n*. It is fur liLs gooil 
I servii'.es in this ilirection that I think w'o are even more 
j indebted to liim than for liie technical work that Jm 
has done, and X am sure that we sliull all remernXjer 
I him for his e.xeelleiit qualilie,s as u man. i beg to iwo- 
puse: ** That the best thanks of the TnstiltUiua ho 
accorded to Air. Frank Gilt for the very able manner 
in wliieh he has filh*d the ollke of President during 
the past year.** 

Mr. Id. B. Atkinnnn : It is a very great pleasure to 
me to .second the resolution fnoposeil }>y Dr. Ferranti, 
j Perhaps I can .speak with regard to our retiring bresideiil 
I from even closer rpiariers than Dr, Ferranti has tloiic, 

! because as X have. pas.sed through th<^ chair more rcceully 
j than Dr. I'ernmli there are many matters on which Air. 
i Gill has given me the opportunity of discussion with 
i him aurl of oldaining mutual help. I can only tell yon 
that at every stage ht? lias given an arnoiyit of Ihoiighl 
and con.sdcmtious care and consideration to our interests 
as an Iiistitulion that it would he very dithcult to erp/ab 
and I am quite sure cfuild not be stirpasscnl. Wn have 
had as Pre.sident, as 1ms already been stated, a man of 
very great ability and very ripe judgment, but lie has 
not made <ledsionH liasiUy—not tmiil he has studi«*d 
i them very closely from every possible angle. A tlionghf 
^ came into my mhul a few days ago when I was tliiuking 
i of this the first Institution meeting of the se.sttion, I 
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do not •knor/ who it was that said " The hour always 
brings the man,” but I was very much struck, in turning 
over in my mind the names of the Presidents that I 
have known, to realize how true that statement is— 
that the hour always brings the man. If you study the 
list of recent Presidents I am sure you will agree that 
every one of them has, liecause of his particular know¬ 
ledge, because of his particular rctivities, or because 
of his particular powers or abilities, been able to do one 
of two things either to perform something which at 
mat moment was b^dly needed in connection with the 
Institution, or to give some menage and help to the 
public with the mutual backing of himself and 
the Institution.^^ ^e retiring President is no exception 
to that rule. Dr. Ferranti has already referred to the 
particular point of interest which strikes me at the 
nfoment. In Mr. Gill we have the consulting engineer 
01 a great corporation, who possesses a world-wide 
acceptance as a great expert, and who was able at the 
proper moment to make proposals as to European tele¬ 
phonic communication which could not have been 
made mth greater force or ability by anybody else, 
and ivMch were made, if I may say so, with ^eate^ 
power l»cause he was our President. That strikes me 
as the last example of the point which I have been 
empnasi^ng. 

P"* President and 

earned with acclamation. 

vow« difficult adequately to thank 

^ any 

who f been due to assistance received from those 

I shoffid Institution, 

J ^ particularize to some extent; I owe a 

S tL V **^“? *^* y«ar to the Past-Presidents, 
Vice-Presidents, to the Members of Council to 
the mem^rs of the Local Centre Committees all over 
InJttoti^' exceedingly efficient staff which the 

fufSSisC^f’ * 1 ? Secretary. 

In^tn?on ^ “ tbe name of the 

to Xt LS tbe Institution. Due 

to that help, work for the Institution during the nast 
3^ear has been one continuous pleasure ^LouvK 

*» tortile 


, a.. d.uv««i to 


to Dr. Alexander Russell for his interesting ayd instruc¬ 
tive Presidential Address, and that, with his permission, 
the Address be printed in the Journal of the Institu¬ 
tion." The duty ie> sp pleasant one because I have 
known Dr. Alexander Russell for many years, and have 
been elosely and intimately connected witlj. him in 
many interesting and ftnport^t prWems. I have 
r^zed during all that time his devotion to the science 
of electricity; Ms interest in it; and*the efforts he has 
made to promote it from various points of view and 
in many directions. It is a pleasute to me to be able 
to congratulate Mm at this meeting on sitting in the 
important chair he now occu^es and to thank him for 
the Address he has given us this evening. There are, 
however, some elements of sadness connected with pro¬ 
posing this resolution, because I believe that privilege 
IS usually confeired on the senior Past-President who 
happens to be at the meeting, and it is not altogether 
pleasant to be reminded how old one is getting. I was 
very much struck by what Mr. Atlonson said as to the 
m^ fitting the occasion ; and I suggest to you that on 
this occasion we have a man who is ver^ well fitted for 
the position he occupies. Electricity has progressed 
JS P“* years, shall I say, at an enormous rate, 
the difficulties accompanying tliis progress have liecomo 
more and more obvious to ns all; and I think at the 
same time it has been more and more realized that, 
in order to solve those difficulties, in oixler to help 
forward the advance, in order to accelerate the rate of 
^o^ess it is ne^ssary that those who are responsible 
for the task should have great powers of mathematical 
^d scienMc mvestigation ^nd ample Itnowledge of 

qualifications pf our present 

important problem# connected .with 
You have heard, for e.xample, what he ' 
md about cables and the "immense voltages thatn:hcy 
^n now tr^smt No one has done more tlutii he has 
to r! v”? 18 theoretioally.possiblo in that direction— 

in ^ iorces, the stresses, and so on, that arise 

m tlw use of th«e great pressures—and the same remark 
^ be made with regard to many of the other proble»is 

totoisSi^n indicated the n^cassHy 

tor their solution, he has himself helped in many respects 

m the solution as far as it has gone at preset md i 

^ sure that he has thoroug^hly deserved^the dlstim-thn! 

read. ^ ® resolution 1 have jiust 

acclamation ^ Pnss it with 

*be meeting by Mr F 
^er Se’SS ^^dT- ac’clamatton.' 

termin2d^"S^*pt" 
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A DYNAMIC MODltL OF A VALVE AND OSCILLATING CIRC'UIT. 

By JL CusKKR, Membitr. 


{Papef Ooiohvv, anU rniJ hrf,‘}v the WiuKi.iiiiS Siju'Hun November, 102:?.) 


# SUMMAKY, 

A mechanical mo(\^\ is wliicli thi^ 

action of a 3-elcctrodo valw whrn to an nhcillulory 

circuit. A string moving art>niH| ptiUrys. one of u-htch is 
driven by a small mohjr. reprt Svnilsl>y its motnm tin* current 
through the valve. The oscillatiiry ciicuit is irpft'Uf’Uied by 
a spring and a weighted pulU'V. IH* a mi-chanical ettupling 
between the spring and a biaho on Uws ilriviug nuttfjr thi* 
ejffect of the intermili<mt ciirrint tlirmigh the valve in 
obtained, and the jyy stem Ni*lf inainlaimul oscilla¬ 

tions.. A note is added on a "Jii‘g»riivt‘ rtshtaiice’* ehVet 
obtained with a centrifugal frictiou 

The model described in lids paper was flu* rt.‘sidt of 
an attempt to prudiicc a. merliaiiiral syslcuu wUuh 
should demonstrate as closely as ptis,sibl<' llte iu ltoii 



of a 8-electrode valve in kt^eping an elcctritt circuit in 
continuous oscillation. In devising tiu* luotlel, the 
author had in mind the cyrdum cif iVnf, Jfiiktn ♦ as 
to the desirability of a model having some similarity 
of appearance to the electrical <’ircuii to be illastralc^d. 
Thentqdel is*intended to represent, as closely us jxissible, 
the wftll-known circuit shown in b ig. 1. 

Here C and L reprc.sent Ihcr cayuic.ity anti ituluctance, 
respectively, oi the oscillating circuit. Cl is the source 
of power. The grid of the valve is capacity-coupled 
4o the ant)de by condenser (t^. 

It will be noted that in this cirtaiii the iurrenl carried 
by coil L includes a d.c, coinpfinent whuli passes 
between the anode and liluineni: rd the valve. The 
two. components may be sepuratc'd by the ** shunt 
method of exciting the anode showtt in Fig. 2. whc‘re 
the main inductance carri(.?H only the alternating 
component, * 

.would have been preferabk* in .some rc.spctts to 

„ . * See Journal v^4. CU. i». 

VoL, (52. 


ljuve* niudt* the nmdol nTi***^^'**^. log. 2, l)ut the com- 
pliculiuns nei’cssary to represent iinhictuuce J.a made 
it advisable (<i adliere^to the ,siin{>U*r circuit of Fig. 1. 

'the baseluNU’d. A, of the model (see Ijig. 3) is <h*ad“ 
blacked, anil ujnm it is jKiinted a fliaginm id the circuit, 
die variiuis purls »d the latter biiiig nuuUeil niulerueath 
lli<‘ ciirn‘spuntling meihanical parts. A ilexible slrinR, 
S|, is led nmnd pulh-ys 1, 2, Jk 4, 5, d and 7, of which 
3 and a avir ” lloatiiig “ aiul the retuaiuder pividinl im 
(he hasi?boanl. Fidli*y 4 is id large diaimder ami its 
mass (trigidliiTwith Widghts, \V, lisisl ti) it) ivjm'senls the 
inductance L(l''ig. 1). lly nnntwing or adiling w»eights, 
tln‘ lreqn(’n(*y is varied. String Sj. ri*pri'studs the* path 
(d till? anodt^ ciureut, ami its niotiim, (he imdioa <d tli<^ 
eJeirtroiis thrmigli the valve and ioscillating circuit. 
It pa.s.ses up iu front: of the vulv»e V, whose aiiiide, gritl 



and fdatneiil are represented in relief hy piece^s of wood. 
Another string, S»i, which passes at omul liKcnl pulleys 
ft and h, joiuH the eentn'S oj puUe 5 %s 3 ami n. The 
coTUlenser,” (', consints of a Hat spring lixf'tl rigully 
at I> and attached to .string Sji at K. It will luj seen, 
therefore, that the (jscillaling circuit conuisls of the 
mass iM, (he spring (', and tlu* four pulleys 3, 5, 8 aiul tk 
These four pulleys, and also M, are on iiall Iwariiigs to 
nsluce friction. It*, to keep dcnvii the leshitaru e of the 
oscillating circuit. It will he noted that, if string Hi 
be held at njst at the. valvff, spring (* am4 mass M ar« 
still fnsj to oscillate, 3'lie da:, source of power is repre* 
senltfd by pulley I, which is driven in a clockvvistMlitection 
by a .small motor behind the baseboard. 

A tootlmd wltcfel on the shaft of pulley 1 drivus a 
centrifugal g<ivernor of the gramophone type, Tlie 
friction brake rojitridling the speed of this govermu' 
is <iperated by u thread \\ which is attached to a [wint 
I* on spring ('* condenser '*) (\ and passes over a 
pulley and through thf» baseboard at the back of winch 

i) 
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it is a'ttaciied to the governor/ This thread forms 
the “ coupling ” between the grid and the oscillating 
circuit, and this coupling is varied by sliding P along C. 
Matters are arranged so that a downward motion of 
C, i.e. a counter-cloclc^ise rotation of M, draws the 
brake off the governor and increases the speed of string 
Si. The actual grid is represented by a sliding metal 
Tcrip, G, which is perforated and attached by thread H 
to spring" C. A downward motion of C draws G to the 
right and uncovers a series of white spots and plus 
signs, thus representing the grid as open,'* or positively 
charged, 

^ Further, an upward motion of & uncovers a series of 
minus sign^, shp^yjng negative electrification. 

The action of the model, in mechanical terms, is as 
follows:— 

Upon the motor being started suddenly, string Si 
commences to move. Mass M cannot, however, start 
instantly. Its lag causes spring C to be drawn down¬ 
wards, displacing pulleys 3 and 5 to left and right respec¬ 
tively. This action applies an accelerating torque 



(2) A high-frequency motion passes tlirough almost 
^entirely hf means of spring C, that is, a high-frequency 
current passes through the condenser only. 

(3) Slowly reducing <^he frequency until the motions 

of spring and mass are equal, demonstrates '' resonance.’* 
A small motion of the hand produces ^ large iciotion of 
the spring* and mass. ^ 

It is very interesting, in this last case, to note how 
much tension has to be put' upon ^Ife string. This is 
an excellent illustration of the fact that the impedance 
of a parallel combination of inductance and cajDacity 
is very high at the resonmat freqeiency, if the resist¬ 
ance be low. If L, G and ft be the three constants, 
then the impedance at the resonant frequency is closely 
equal to LI(CE) ohms, and the combination acts as a 
resistance having this value. 

It is seen also that the phases of the currents carried 
by condenser and coil are nearly in quadrature with 
their resultant (the external current). This is illus¬ 
trated by the model, in which careful observation 
shows that the maximum velocity <ff the string through 
the valve (maximum anode current) occurs at the 
zero of oscillation velocity (or main oscillating current). 

Many illustrations in the mechanical field can be 
given as analogues of the '' negative resistance ** pro¬ 
perty of a coupled S-clectrode valve, '.riie author 
ventures to add one further illustration, noticed wlum 


Fig. 3. 


to M, and also increases the speed of string Si to a 
m^imum, by releasing the governor brake. Durinff 
this time M gains speed, and E returns towards the 
centre. When E reaches the centre, however, mass M 
has a greater peripheral speed than pulley 1, whose 
spe^ has been further lessened by the upward motion 
of E. Consequently E pvershoots the central point 
mid, m so doing, appHes the brake to a maximum 
extent and stops pulley 1 altogether. C then returns 
to the centre, agam starting pulley 1, and the operatiou 
IS repeated, i.e. contmuous oscillation is kept up The 

exhibits an oscillatory motion superposed on a uni- 
"It unnecessary to repeat the descrip- 

By releasing a set screw holding pulley 1 to its shaft 
the stmg may be freely moved by haad/and tli eSS’ 

low-frequency motion oscillates 
puUey 4 but sprmg C is not appreciably stressed ThS 
represents the passage of a low-fr^nency current 
through the inductan«e only. ^ ^ current 



constructing the model described. This is provid’ed 
by tlie well-known friction-governor mechanism. In 
Fig. 4 is a diagrammatic view of such a governor. ^ Wlfbn 
m rotetion, the disc D is drawn along the sliaft towards 
the left liand. If it touches a stop S, a coftstant 
speed of rotation is reached because a small iucrea.se 
of speed greatly increases- the friction and a small 
decrease greatly decreases the friction. This residts 
m dynamic stability, 

rigbt-liand side and movo 
It slowly towards the disc until it lightly touches.' The 
opposite to the above. The slight friction 
retards the motion, reduces tlie centrifugal force and 

cumulative action 

which stops the governor. In fact the acliop is almost 
^tantaneous if S be rigidly held. The result tl.ris 

“ogativo resistaime 

In concision, the author desires to tliank the British 
Thomson-Houston Co. for laboratory facilitL usS 
« th. *0 Mr. W. ?orta ^d^ 

Mr. L. A. Barry for valuable suggestions and Lip. 
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Discussion before the Wireless Section. A.UEnruER. 


JVfr. G. G. Slake : As the inventor of a valve model 
exhibited before the Wireless Society of London on 
22nd November. 192^ and flow used for instructional 
purposes in the Royal Air Force. I have been particularly 
interested in th* Author’s most ingenious model. 1 
think that the two models may stand in most friendly 
relation one with tfie other. While the author’s shows 
the production of oscillatians by a valve, and is a 
dynamical model, mine%hows the eflfect of incoming 
oscdlations upon the grid of * receiving valve and its 
plate current, and is a mechanical model, giving actual 







^ w w V w 


Fig. a. 


to T calibrated scales. One model appears 
to me to be the complement of the otlier. The aiitdior’s 
d^ami^ representation of inductance is very ingenil 

toe reduction of resistance in the oscillatiji^*- 

rcis-, 

h. showed a coodeaaee oo„„ected to the gthUM^Uve 


Hivolwl aili/'v*"’','" ’’V hU'itiis «( a 

puotcd .iiin .\. .-ViidtlitT nifthod of illustratiiia tl,,. 

ncutrodyue princple m.ul.l be u. negative tl e Hi • r 
of the •; coupling (bf,,,., .. „„ ^ 

neutralise the coupling behveeu j.late a„d gri.l cin't its 
_n .1 tircuit such as that shown in big. M there ire 
four variable factors; ||) Tj,,. 

can bo varied by the noleiuioineier, O ; (V ll'eniaiiierit 
potential winch can 1 hi regulaled by the re.sistam . 
(.1) Uit p ate voltage, which .a 11 be v*rk.,l ky the H t' 
l>attery^ K ; and (-t, the oscillations ,n-.HlucI. y the 
mconnng wav<.s in the aerial cir.uit.'cl. w L hvarj 
the grid polential. There is also a millimunmter ftf 

model ^^r^Mwing^V ' ^ '“-V nuThauical 

motici. A spring. V, is employed to represent the 

KtoT™; j; ,1T""" 

oI Ulc v.iUt. Jlu; iilauunit vollage is varied hy more 
or less coinpre.ssioii on the lower ,.,id of the st.riuL 
and the voltages are indicated on a scale The\>l ito 

hSn i ohi . vohT'"’'’ 

-tu. h. Tlw va,:I iJ'uVSrar.l,':: 




.f] 




Ip 


T 

IW 

B 





Iho. B. 


6"'* “a plate. In 

rtonad .“"iter. 

capacity between grid and nla+« out 

fiazeltine hi a paper betee 
showed a circiht*^^ wwS Z n 
capacity of the valve bv internal 

^upling, and termi it the „‘=apacity 

A second vaJve Vi micr>i+ u ^®^^rodyne ** circuit, 
tte author’s model, ’as lown^n^FiJ^V^'"'^'^® ^ 
tte capacity, coupling betw^ twif!?’ “^1*° repre.sent 
internal capacity of the valve 

^ neutralized by the addition of alSn*d 

* No. 284130919 “ second elastic 

t No. 8920/1913, 


have workcsl out "T 

scales 7 and these 

mcxlel. The receh^d "-‘"’a 

the movements no u.,all.iiions nrit rejireseiitcd by 

p.»« X r '<■ 

coupled to the grid v. ■ ‘'' is 

slipping contact *it tli«. *T' ' 'r"‘i "** a<Uu.stahle 
it ihrmigh which 

S’“rri;,ri '.’If'""' »' ”” 

«i .hn ^ 
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strate the effect of alterations in amplitude. Two painted 
arrows (red and white) at the top of the rod indicate 
the phase. All movements of the grid disc above zero 
on the grid potential--scale represent positive grid 
potential, and those below zero, negative potential. 
Referring again to Fig. B (which is reproduced from 
i^iy paper before the London Society) the 

effect of iteration of any of the factors (1), (2) and (3) 
in the valve circuit can be shown on the plate current, 
both with the aerial quiescent or when influenced by 
incoming oscillations, and the action of the valve can 
be observed when used for ampMfjdng or when recti- 



at different points on the characteristic curve 
of the valve. The amplification factor also can be 
demonstrated. Three volts positive on the grid of. the 
valve when the plate voltage is 33 and the filament 
voltage 3-5, brings us to the top of the characteristic 
curv , and gives a reading of 1-6 mA. With the grid * 
of the valve at zero, an increase of 21 volts on the 
plate voltage, making it 54 volts, gives us (when employ¬ 
ing the same filament voltage) the same reading (1 • 6 mA). 
By dividing the former into the latter we get 7 as the 
amplification factor. When considering the action of 
the model it is useful to note that an increase of ^lament 
voltage increases the density of the spring coils and 


makes it ^impossible for the negative, phaswi of the 
oscillations to affect the grid-potential disc. This can 
be likened to an increase of electrons from the filament 
of a valve, when its t^perature is increased, creating 
a space charge. 

Mr. L. B. Turner: The author’s. modcl**is very 
ingenious and complete, but I rquestion whether any 
such model can really assist in explaining the oscillating 
triode. When (as here) a model fhfist be more com¬ 
plicated than can be grasped by the eye, mathematical 
analysis must be resorted to; and since one set of 
mathematical symbols is jfs ^ood 'a.s another, 1 prefer 
to deal with the actual quantities instead of others 
representing them, however close may be the analogy. 

Professor C. F. Jenkin (communicated) : The device 
of a massive wheel instead of loads on the string' is 
ingenious and allows the direct current to flow. The 
use of a motor to keep things going is a step ahead. 
My only criticism is that the condeu^ser and coil Cj, 
do not appear to be represented in the model, but 1 
am not sufficiently familiar with the circuit shown in 
Fig. 1 to know if this omission is of any signilicance. 

Mr. R. C. Clinker (f« reply) : I am nuicJi obliged 
to Mr. Blake for his suggestion as to the “ neutrodyne ” 
addition. His suggested arrangement, it is true, would 
enable the action of the neutrodyne in preventing 
oscillation to be clearly shown. I feel, however, that 
a model should be* as simple as possible. 

With regard to^Mr. Turner’s remarks, I think that 
whether or not one desires to have/i model of an electrical 
action depends upon whether one wishes to get a physical 
grasp of the action, or is content td employdhe matlw;- 
matical machine only. Those stucLents <a"nd .there, are 
many)H:o whom a matliematical demonstration does not 
appeal as being an explanation, invariably enclcjuvour 
to form a mental picture cjf what is going on. To such, 
a model is an invaluable help, so long as the Tinalogy is 
not overstrained. In the case under discussion, wh(^irc 
we substitute a mechanical mass for an inductaiice 
coil, and a spring for a condenser, the analogy is so close 
as to make it seem that we arc dealing with the same 
fundamentals in the two cases—electrical and mochiffiii- 
cal. It is frequently difficult for a student to grasp the 
principle of idle so-called ** stopper ** or rejector ” 
circuit consisting of an inductance and capacity in 
parallel. The statement that its impedance at resonant 
frequency reaches a maximum of Ll(01t) ohms docs 
not give him an explanation. A few minnjtcs’ .handling 
of such a model, however, when he can "actualfy feel 
the resistance offered to the hand by the string •’at one 
particul^ frequency, and observe the relative phases of 
the motions, impresses the principle on* his mind with 
a clearness that no mathematical demonstration can 
give. 



DISCUSSION ON "DIRECTIONAL WIRELESS TEI.EGRAPIIY IN AIRCRAEJ." 




DISCUSSION ON 

DIRECTIO?JA*L MTRELESS TELEGRAPI-H' IN AIRCRAFT 


Dr. R. L. Smith-Rose (gommunicated) : All those 
who have had any eKperience with the operation of 
wireless direction-finding on stations will not env'y tlie 
author his work t)f*maSdng this art sufficiently reliable 
^d accurate for ^aerial navigation. The difficulties 
inherent in direction-finding stations are by no means 
few when the lattePare gn & good site on land, and arc 
all greatly magnified in an aeroplane in flight. Apart 
from the actual operational di&culties of taking steady 
readings, the local errors due to the machine itself must 
be investigated and corrected. As is shown in the 
paper, it is not always sufficient to calibrate the machine 
on the ground or sea when the direction-finding set is 
required for use in the air. The effect of the metal 
work and wires contained in the machine offers a problem 
similar to that provided by the effect of a ship and 


several error enrv..« «,ven in tin. paper. I n.nsl ex,.res.s 
my di.ssati.sfaction at Hie evi.leiue snp,«,se.l to slum 
the cluuige III <pi;nlniiiiiil error from .lav to,lav .-t; tii 
big. '.rim nmviiiiiiiii .lideren.v ti„, Uvo'. urve.s 
there given is al.oin (i def-n-es. vt-i a eliaiige of about 
5 degrees at mulduy. an.l a lolaK.luiiig,- of <1 degrees 
•shown 111 big. M, anvilirib.if,.,! („ aiiotl,,.,-nui.se. Tlu- 
efloct of bonding all iiiclal joints in the maelnne io 
mamtam coiistniu-y of resistanre of#ili ciiwenl paths 
apparently from big. (i, rediives the error curve to about 

i <l'iis an imporUyil 

resii t of the mve.sfigat.on. With the error amplitnile 
of the oilier of and a fairly cun.staiit ctilibralion 
curve, coinjmiisntmii for llM-.se elfects bee..Hiu-s a prae- 

the nulialed wavi-, the errors imlieateil by big. i;t 


Table A. 


Observing station 


True bearing 


< •li’urvrd hp{irrf»f‘,q 


Bristol .. 
Newcastle 
Peterborough 
T^din^on 


230-6 


206-6 

232*7 

2i7‘9. 


• Some 400 reading taken on other traiMmlssions from 

Sis 

i»ga.; a,, to th. S.®' "Tr 

an accompanvinff there is usually 

minimum ^Sr^consiCt of the 

observing the bearing ^With 

^esCTibed.by the antbrn- • ®^°t)mson sjrstem as 

■ ‘ auxiliary "coais^^Sfg^ ® <fmiections of the 
of a single frame o^earch^ 

3-ngle (usually about 30“1 thr ^ fairly largo 

flattening o/the ^imum, this 

noticed, unless the would probably be un- 

into their lAinimum deliberately moved 

^ posrnou., In connection with the 

61 ,pase 808 ,. 


Nujiib(*r f»f 
readings 


ur, 

.365 

224 

295 


O.M.T, 

I At 

1 Variatifiin in 

\tuiibfr tif 

Viirhitbim iu 
tiraritig 


........--- 


1-H 

15(1 

drg.. 

26-0* 

6-3 

172 

32*6 

4*0 

I(t« 

22*0 

3*7 

..i. ... ^ 

loo 

38*3 


wnvi oTn f"*- ‘••itl'otigh 11,e fmlils of Ihn 

waves of higher frcqtit-iicies than tin- fiiiidaafenlal will 
certainly be mcHUnod to dilh-nmt extents I v r 1-1 

effect on the receiving coil, which is pntsuinahlv tiine.l 
to re-sonance with the fut.datnenlal w TL- 

^hiding portion »£ the paper deals tv 1. the “ Jia Iv 
ymation in Directional Wireless Sing^" S 
yariatiorus arc atate-U to lu, "of the ord« S 

the results illnsir-wl i • ^ ?•' ^ I’m^'med that 

to, the vIlulS^w"‘^u“’”** carefully attended 

to some results as fllustrating variations due 

rnal cause, such, f<» example, as may be 



130 DISCUSSION ON “DIRECTIONAL WIRELESS TELEGRAPHY IN AIRCRAFT.” 

—r---—■■■ — -_2 _ 


connected with the atmosphere, is very limited. The 
most striking thing about this part of the paper is that 
the author does not appear to have encountered the 
class of error generally termed night effect,^’ and his 
curves show a complete absence of this error, which 
all other experience has shown to be very much greater 
in magfnitude than the errors in the daytime. For 
instance,^ the curves in Figs. 14 Co 16 all show their 
largest error at from one to two hours after midday, 
and thus in daylight, although the times of observation 
extend in each case'-from several hours before sunrise 
until several hours after sunset.^. In connection with 
^ese curves I should like to ask the author at what 
intervals the el«ervations, as represented by these 
curves, were taken. To study the variations in detail, 
it^is toportant that observations of bearings should be 
taken regularly at 6- or 10-minute intervals. In 
Fig. 14, for example, the observations appear to extend 
from 0100 until 2100, but a great deal of recent experi- 


are not necessarily , of frequent occurrence. In Table B 
the results of one year's observations of the bearings of 
various spark transmitting stations at three receiving 
stations are shown fa #he form of percentages. 

From this table it will be seen that although there 
is a small number of day readings witl; an erret greater 
than 2°, the proportion of these ^)f the total is so small 
as to be practically negligible for many applications of 
direction-finding. The proportion^# readings with a 
day error greater than 5*^ is entirely negligible. The 
errors are seen to be much more* common at night, 
although in this case errors ^eater than 20® are extremely 
rare. I can support to sonft extent the conclusion 
reached by the author *that the variations are small 
when the transmission is in a N—S direction, but the 
evidence is somewhat conflicting and needs more con¬ 
firmation. For example, the bearings of Paris [(FL), 
spark, 2*6 km], observed at Teddington-at night over 
a period of one year, show a total*variation of 6*3®; 


Table B. 


Percentage Differences of Observed Bearings from the Mean Observed' Bearings of Various ** Spark Transmitting 

Stations, taken over the Year March 1^21-March 1922. 



Day readings 

Night readings 

Observing station 

Total 
number of 
observations 

Percentage of readings with 
error greater than 

Total 
number of 

Percentage of readings with error greater than 
n 


2® 

6® 

observations 

2* 

6* 

10" 

20" 

Bristol 

2 514 

per cent 

1-9 

per cent 
0-08 

3 96S 

per cent 
21-6 

per cent 

7-5 

per cent 
22 ‘ 

• 

per cent 

•0-4 • 

Newcastle,. 

4 749 

2-7 

0-2 

6 1681* 

27-8 

7-3 

• 

1-3 


Teddington 

3 785 

2-9 

0-08 

4 192 

30-3 

# • 

7-9 

1‘5 

. • 

. 0-1 

• 


ence in connection with 24-hour watches has shown 
that it is seldom that any transmitting station (except 
by specif arrangement) works continuously for such a 
period without intervals of from one to several hours, 
during which much valuable information as to the 
variations may be lost. ^During the past three years 
I have, under the direction of the Radio Research 
Board, coUected many thousands of observations on 
the variations of the bearings of some 40 fixed trans¬ 
mitting stations. To illustrate the relative magnitude 
of the variations commonly experienced in this country 
both by day and by night, a summary of the readings 
taken on the spark transmission of Poldhu, a station 
evidently mu^:h used by the author, at 0930 and 2130 
respectively for the year 1921, is given in Table A. 
The readings were all taken on Robinson direction¬ 
finding sets on comparatively good sites on land. 

Many similar examples can be given from the large 
mass of results, the collation of which is now being 
carried out. It should also be emphasized that the 
figures given in the table represent the extreme variations 
in the bearings expeii^ced over a period of one year 
m the .course of daily ^observation, and such variations 


whereas those observed on Paris [(UFP), continuous 
wave, 2*4 km], a station in close proximity i/o BL, 
show a variation of 22-3° during the same periods. 
The permanent error of the mean observed bearhig in 
each case is negligible, while the variations m the day¬ 
time are of the same ordgr (7®) in each case. The 
difference may be in some way connected with the 
change from damped to undamped waves, but the 
cause is by no means obvious. The theory advanced 
by the author is, of course, applicable only to delight 
variations since it requires an ionization gradient in 
the lower atmosphere. With the exact, data that.are 
now being compiled on this subject, it will shortly be 
possible to examine quantitatively both this,and othep 
theories that have been advanced to explain, the 
various phenomena which are encountered when the 
radio direction-finder is employed to study the pro¬ 
pagation of electromagnetic waves over the earth's 
surface. 

FUght-Lieutenant C. K. Chandler {in reply ): Dr. 
Smith-Rose objects to the evidence showing the change in 
quadrantal error from day to day and considers that it is 
probably due to the daily variation in bearing. It is 
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pointed ant, however, that a change in the apparent 
position of the transmitting station would produce a per¬ 
manent error in the quadrantal-error curve equivalent to 
raising or lowering the base lin^ ?n the curves shown, 
the whole character of the curve changes, showing 
that a iocal el^pct is producing the error. Further, 
after bonding, these# large differences between the 
curves taken on successive days disappear and accurate 
bearings become •the* general rule. Previously, of 
several hundred bearings taken, only a very small 
proportion were accurate. Thus, with a properly^ 
bonded aircraft the error* curve remained constant 
from day to day, but wfth no bonding the error curve 
was constantly changing. The fact that the bonding 
reduces the maximum error shows that this error 
cahnot depend on the daily variation except in so far 
as tins affects the error curve as a whole. 

With regard to tlie question of the effects of harmonics 
in the incoming ware, these will only have a large effect 
when two conditions are fulfilled, viz. : (1) When the 
metal-work circuits are in resonance with the harmonic 
in question, i.ft Zx in Equation (11) is small. (2) When 
the voltage generated by the harmonic in the metal 
work is large compared with that generated in the 
directional wireless aerial, i.e. K. in Equation (11) is 
large. Requirement (2) is fulfilled when the whole of 
the metal-work of the aircraft acts as an open aerial 
as distinct from a loop aerial. An examination of 
Fig. 13 will show that the main component of the Milton 
curve is a sine 0 component, indicating that it is pro¬ 
duced by the metal-work of the aircraft^cting as an open 
aerial. Tins open-sferial circuit does not resonate to the 
fundamental wave,used in the case of Fig. 13, as is 
shown by the curve for Poldhu taken oi# the same 
aircraft, with the same wave-length, on the same* day, 
where the main componen*)^ is a sine 2d function, 
indicating that the metal-work^ is acting as a loop so 
faj as the fxmdamental is concerned. It is thus con- 
sid.ered that the Milton curve is due to the metal-work 
of the aircraft acting as an open aerial and resonating 
to one of the harmonics in the heavily distorted wave 
radiated from the Milton station. This oscillating 
current in the metal-work will induce a large voltage 
at haAnonic Irequency in the D.W. aerial, and therefore 
cause an error in the bearing. It must be borne 
in mind that the station at •Milton was a spark station 
having a power of 2 kW and was only 30 miles away 
from the rec^eiving aircraft. 

In connection with the daily variation, in bearing 
of wii^less transmitting stations, these are stated in 
the paper to be of the order of from 2® to 3® as a general 
rule^ since thisf is the conclusion drawn as the result 
of some hundreds of readings taken over a period of 


eight months. The curves shown in the paper give an 
idea of the maximum variations likely to be experi¬ 
enced and were qualified by the above statement. The 
requirements for accuracy wej^e carefully attended to 
and more than one site was carefully selected, the 
requirements mentioned by Dr. Smith-Rose being duly 
considered. Further, the observers were continualljr 
changed in order to check observations from day to day. 
The bearings were talcen every hour, by special arrange¬ 
ments available at the time, which is much more 
frequent tlian can generally be Obtained. More fre¬ 
quent readings would of course have been much 
better, but were unavailable. It is considered, howevei* 
that the curves give valuable inforAatipn^as to the 
kind of errors to be met with and their variations— 
matters of tlie utmost importance to the navigatoi'. 
Some oi the variations in bearing given by Dr. Smith- 
Rose are extraordinarily large. In the author's ex¬ 
perience extending over several years no variations of 
this magnitude-have ever been recorded when working 
on spark stations, and had they arisen it would have 
been impossible not to notice them. From Table B 
it is noted that not more than 2 per cent of the 
readings taken show variations greater than the range 
included in the errors given in the paper. Might it 
not be possible that these are in the nature of freaks 
and errors in observation ? When using continuous- 
wave stations for bearings the variations have been 
found to be of the same order as those with spark stations. 
On occasions exceptionally large variations were found, 
but these were invariably traced to accidental couplings 
between the directional wireless aerial system and the 
local heterodyne circuits. 

With regard to the statement by Dr. Smith-Rose 
that the theory put forward in the paper requires an 
ionization gradient in the lower atmosphere, the author 
does not agree with this, but considers that the gradient 
is produced in the upper atmosphere and that the 
whole wave is affected by the refraction of the upper 
portion. This is borne out by the fact that any 
ionization in the lower atmosphere would be affected 
by meteorological conditions. Every effort was made 
to connect the variations in bearing with meteorological 
conditions existing between the transmitting and 
receiving stations, but without any success. It was 
this consideration that led tlifc author to consider the 
question of an ionization gradient in the upper atmo¬ 
sphere. The quantitative examination of this problem 
mentioned by Dr. Smith-Rose should be of the greatest 
assistance to those engaged in the application of direc¬ 
tional wireless to navigation, since it should enable the 
navigator to make corrections for these variations 
which are at present neglected to a large extent. 
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INSTITUTION NOTES. 


Annual Dinner, 

The Annual Dinner of the Institution will be held on 
Thursday, 21st February, 1924, at the Hotel Cecil, 
at 7 p.m. for T.SOf Full particulars will shortly be 
circulated. 


Associaue Melnbership Examination Results: ^ 
October 1923. 


9 


Andress, P. 

Bailey, G. S. 
Barrett, H. E. 
Bellamy-Law, J. W. 
Boyland, H. J, 
Clinton, J. S. 
Davies, J. 

Galliard, J. D. 
Godden, L. J, 
Hunter, C. M. 
Peakin, C. J. W. 


Passed. 

Peasgood, F. 
Pidcock, E. E. 
Rostron, H. M. 
Sayers, A. J. 
Shaw, C. M. 

Short, O. W. ■ 
Smith, H. F. 
Stinchcomb, E. A. 
Tetley, A. C. 
West. F. W. J. 
Wolfe, S. S. 


Passed Part I only. 

Brakenridge, W. D. Morley, E. W, L. 

Weir, H. 


Passed Part II only, 
Buchanan, G, M. King, F. R. 

George, J. C. * O'Meara, E. 


Officers of the Corps of Royal Engineers. 
Passed. 


Anstruther, 2nd Lieut. A. 
M. 

Bickford, 2nd Lieut. E. N. 
Cobb, 2nd Lieut. E. H. W. 
Conlay, 2nd lieut. R. A. 
Curry, 2nd Lieut. W. J.^ 
Drewe, 2nd Lieut. P. J. L. 
Flo 3 ^er, 2nd Lieut. M. du 
B. 

Francis, 2nd Lieut. H. S. 
Hayden, Lieut. A. B. 
Heard, 2nd Lieut. H. T. 
Hill, 2nd Ligut. A. J. R. 
Jenkins, 2nd Lieut. J. V. 


Malcolm, 2nd Lieut. G. 
Marsh, 2hd Lieut. J. E. 
Miller, 2nd Lieut. C. F. W. 
Pain, 2nd Lieut. R. S. 
Paten, 2nd Lieut. L. A. B. 
Perowne, 2nd Lieut. L. E. 
C. M. 

Stainer, 2nd Lieut. C. G. 
Stoney, 2nd Lieut. R. F. E. 
Toogood, 2nd Lieut. A. F. 
Whitman, 2nd Lieut. B. E. 
Wilbraham, 2nd Lieut. R. 
G. V. 

Young, 2nd Lieut. G. A. D. 


International Conference on Large Electricity 
Supply Systems. 

The Secretary has received the following account of 
the proceedings at the above Conference from Mr. W. B. 


Woodliouse, who attended it as the senior delegate of 
the Institution:— 

The second International Conferkice on this subject 
was held at Paris on the, 26th f^pvember, 1926, and 
following days under the anupices of the Union dcs 
Syndicats de rElectricit6. Representatives of the * 
following nations were present* 

Austria, Belgium, Canada, Czccho-Slovakia, Den¬ 
mark, France, Great Britain, Ilolland, Hungary, 
Italy, Japan, Norway, Poland, Russia, South Africa, 
Spain, Sweden, Switzerland, Turkey and United 
States of America. 

The official representatives of the Institution were 
Messrs. W. B. Woodhouse (senior delegate), P. V. Hunter, 
C.B.E., and E. B. Wedmore. Other British engineers 
were .present, including Mr. A. Page who represented 
the Electricity Commission. 

A large number of Reports were presented anil 
discussed dealing with problems in connection with the 
generation of electricity, tlie construction and operation 
of transmission systems, and with statutory lugnlation.s 
for securing thC'^afety of the public and contimiity of 
supply. * • 

The British delegates presented tlirec Reports 

(1) #» Summary of Recent Researches in Great Britain 

relating to overhead line Material and (k)n- 

struction, by Messrs. E. B. Wedmore and W. B. 

Woodhouse. 

(2) Summary of Researches on the Heating of Ihined 

Cables, by Messrs. P. V. Himter and I^. .1^, 

Wedmore. 

(3) Report on the Earthing of the Neutral yoinlo of 

High-Voltage Systems, by Mr. J. K. Beard. 

* 

The reports and discussion covered a very witle fiekl, 
and there is little doubt that the discussion of these 
subjects by so representative an international body will 
be most beneficial in promoting general agreeiuent as 
to methods to be adopted and in slanrhirdiziilwon of 
practice. ^ 

The Conference, as in the case of the first CVmfereneu 
held in 1921, was followed by a rneetiyg of the Inter¬ 
national Hlectrotechnical Commission, and the * har¬ 
monious working of these two bodies will, no doubt, 
very beneficial. * 

During the Conference a lunnber of the foreign 
engineers were presented to M. Millorand, I ‘resident of the 
French Republic, among them being i\b\ssrs. Hunter, 
Borlase Matthews, Page, Wedmore and Woodhouse. 

W. B. W. 
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hlec.t^xc currents passin/^c^s 
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(Paper first received 21ih August, 1823, 
Summary. 

a chanee T,t ^^ A ' contacts the friction undergoes 

a few instances a^slip^/action*fa^”a*^*i^^w®”' 
eflfects- have been aSd to +L ^ese 

devices, etc., biit onlv a tent operation of telephone 
been given of manv of rtio explanation has so far 

they toe associated ^ phenomena ivith which 

of experimenteSnJ d^cribed a number 

and in the light of ttese inv^tiM!®*^®®®*"*”®^*®^”®®®®®®- 


. . Introduction. *. 

three principal tec«onr^^ experimental work into 
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SiwvE-s; OF Other AVork on the- Passat o 
Electrxcixv across an imperfect C^NT^ci 
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contact. In 1877 f he fj^d across a sliding 

faced wire was rlrairr. ^ when a platina- 
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any furtherTe"^i^a^di^ on^ ®*^"^>®'ted 
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that strong, adhesive forc*f»Q ^ve force and showed 

a metallic plate in cln«e -f' 1 ^®®'“-oonductors "and 
Heylt hStl^tTf materials, 

friction LitStn SiTr "f “ *^® 

ia passed across t e Junction ^ current 

an. oscillating, rod diMihg'into 

with and without a was observed 

NP ch.n^2X‘SfrS‘2“5*'‘ 

recorded. A- similar .experime^tvfth vf 
gave a decrease-in . the: ttctiont lK ^^'^on rod 
but tte effect was attributed to heating 

reftoeStJeta^J to tS^'r" « - 

tiiat the acS^Ftt iJt ^own 

to electrostatic attraction bJt^*”* attributed 

this is correct ^h ther 

it must be admitted that its °P®“ question, but 

a striking reseSbW to 

metal-dielectric contacts experiments on 

has been done oFS^ charlT!^i-^®® 

at imperfect cScJ aST^touM ,e 7 ^®^®®-®l^-nges 
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from the one surface to the other. A single-point 
coherer has no practical existence; it is really a coherer 
of many contacts, and consequently there must be 
air spaces at the junction^ some partly and some wholly 
enclosed; The passage of electricity between two 
electrodes separated by a gaseous dielectric differs from 
ordinary metallic conduction, inasmuch as both positive 
and negative ions normally participate. But the nature 
of the discharge seems to be influenced to some extent 
by the dimensions of the gap. 

After a careful study of the numerous researches on 
exceedingly short sparks we are of opinion that the 
balance of ^vid^9.e is unquestionably in favour of very 
thin Aims of gas having an abnormally high conductivity. 

As far as we are aware, no experiments have yet been 
made with high-frequency alternating fields. Some 
interesting results might be obtained in this direction. 
The fact that thin films of gas are not good insulators 
must be recognized if we are to construct anything like 
a complete theory of imperfect contact phenomena. 


Description of Apparatus. 


The apparatus was primarily designed to measure 
the variation in the normal pressure at a sliding contact 
when caOTying a current. 

A few preliminary experiments on the force required 
to separate a copper disc and a piece of lithographic 
stone having a potential difference between them, had 
made it abundantly clear that consistent results could 
be obtained only when the surfaces were sliding over one 
another. However carefully the contact was made, no 
two positions of the disc on the stone were sufficiently 
alike to render definite the force exerted across the 
interface. But by measuring the variation in the friction 
forces betiveen the two p^s this dif&culty is completely 
overcome, since with suitable damping arrangements 
the relative disposition of the surfaces in all positions 
is obviously averaged. With a knowledge of the co¬ 
efficient of friction the change in the pressure between 
the surfaces may be deduced, provided, of course, that 
the current produces no other effect. 

Experience having shoivn that the most intimate 
contact was obtained by grinding, it was clearly desirable 
that the relative position of the surfaces during this 
operation should be the^same as that during the test. 
Two different arrangements were employed, which we 
shall distinguish as the " Torsion and Steelyard 
apparatus. ^ 


Torsion apparatus .—^This axrangement is shown in 
Figs. 1 and 2. The sliding parts consisted of two 
concOTtric flat rings, (2) and (8). the upper one being 
attach^ to a torsion wire (13) and the lower one 
rapport^ qp a horizontal table rotated by a motor. 
The twisting force due to the friction at their contact 
was measured by revolving the torsion head (24) until 
the top nng was brought back to its position when 
freely suspended. 


In view' of tlie fact estabhshed by those who ha' 
mvestigated coherer action, that the coherence 
en^ously influenced by the degree of oxidation of t] 
parfades of metal employed, arrangements were mat 
om sKdmg surfaces with a non-oxidizu 
atmosphere. This was done by esncloang the actii 


parts in a 'gB.s chamber (10) having an oil seal (3) to 
allow relative motion. All the parts attached to the 
lower end of the torston^wire were made of aluminium 
to make the initial pressure between the surfaces as 
small as possible and to eliminate stray magnetic action. 
The current was led to the^ upper contact ring throiigli 
a mercury trough (15), which offered no restraint t(i 
twisting but merely provided additi^i]^! damping. 

The lower end of the torsion wire which was of sih^er 
steel had a cross-piece (20) fixed to^it, and this could 
move in a vertical slot cut Jn the aluminium rod (12). 



Any change in length of the torsion wire duo to tw'istini 
or temperature variations was thus aiAomaticalK 
compensated for. 

Heavy damping was provided by two aluniiniun: 
arms carrying vanes (22) projecting from the cover oj 
the cumber (10) and dipping into another circulai 
faough (23) containing tliick oil. Lead weights in the 
form of nngs (31) with a paraflel-sided ^ot, cut from 
tne inner to the outer diameter, were placed in the hollow 
ot tne gas-chamber cover so that tliey exerted pressure 
directly on the contact surface. 
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The two parts of the apparatus as a •whole were paste until the surfaces assumed a uniform matte 
entirely separate and electrically insulated except at appearance. 

the sliding contact. To clia#g^ the rubbing surfaces (4) Removed from the apparatus and washed again 
the upper parts of the apparatus could be lifted ojff by with soap and water. * 
removtig the four screws (35). (5) Rinsed in distilled water. 

The gas ‘cliambef was* filled by passing the gas (6) Dried first with linen cloth and then by hot air 

through one of the taps (29) while the air escaped through blast for about 1(^ minutes to remove dust particle, 

the rubber tubei,(aO) iji the inner diameter of tlie contact (7) Allowed to cool and then replaced in the'apparatus. 

rings. , ' After the surfaces had been finally washed, great care 

Tw6 different sfees of torsion wires had to be employed was taken not to touch them. They were always tested 





Fig. 2 .'—^Torsion appatatus. 


to cover the required range of torque. Both were immediately tliey were cool and, when Jeft overnight, 

*of silver Steel and the same length, but one was inch the operations from (4) were repeated in the morning 

diameter and the other J inch diameter, and they had before proceeding with the experiment, 
twisting constants of 1 400 gramme-cm per radian and Certain materials required special treatment, which 
22 300 gramme-cm per radian, respectively, is described when discussing the experimental results. 

. The rubbing surfaces were prepared as follows :— In all our experiments, except where otherwise stated, 

(1) Ground together in position with flour emery wd aimed at making the surfaces perfectly dry and clean, 

and oil. * ' having only a discontinuous film of gas between them. 

(2) Removed tiom the apparatus and washed with Sieelydtd <ippaYdtus„ —^The difficulty in obtaining 

soap and water. certain non-metals in the form of a ring suitable for 

(3) Grinding repeated with very fine carborundum testing in the torsion apparatus made it necessary to 
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construct some other arrangement better adapted to 
such materials. 

The mechanism constructed by Mr. Beauchamp Tower 
for determining the coefficient of friction of a lubricated 
journal bearing* suggested the lines on which this 
design was built up (Figs. 3 and 4). 

The semi-conducting cylinder (1) -C/as mounted on a 
metal shaff (2) and was rotated in a horizontal plhne by 
a motor operating through a reduction gear. On the 
semi-conducting cylinder rested two brake blocks (17) 
attached to an aluminium rocker having arms, (18) 
an^ (19), projecting in opposite directions. The brake 
blocks were ^entirejy insulated from one another and 
from earth, but were connected to two mercury cups (24) 
through which the current was passed, the circuit being 



completed by the semi-conductor. By tliis means the 
freedom of the rocker was not interfered with. 

The friction forces between the semi-condhcting 
cylinder and the brake blocks were balanced by the 
jockey-weight (25) on the steelyard arm (19). The 
other rocker awn (18) carried the damping arrangement, 
and Ike pressure applied to the rubbing surfaces could 
be varied by adding or removing spme of the lead weights 
(29) suspended from a knifp-edge (31) on the rocker. 

The preparation of the surfaces was much the same 
as in the torsion apparatus, but under no circumstances 
were the brake blocks removed from the rocker, or 
the semi-conducting cylinder from its spindle, until the 
test was complete. 

The position of the jockey-weight when the rocker 
Proceedings oS the InsitHtHcn of Mechanical Enginem, 1888, p, 682, 


was exactly balanced was found by temporarily removing 
the cylinder and replacing it by a horizontal knife- 
edge on which the brtker blocks rested symmetrically. 

Preliminary Measurements and Difficulties. 

The first experiments were madd^ on a wrought iron- 
cast iron contact, and the condition o^ the surfaces was 
soon shown to be of the ulSciost importance in 
determining tft magnitude, of th^ fiiction-changes 
accompanying the passage of a current across the 
junction. The intimacy of tte pontact, the amount of 
moisture and foreign mattpr present, all had a marked 
influence, and, above all, in the very process of using 
the surfaces it appeared that they were constantly 
being changed. 

It so happens, however, that when two pieces of dry 
metal, which have been ground together and carefully 
cleaned, slide on one another withcFat altering their 
relative position or the pressure at the contact, the 
texture of the surfaces does not change uniformly. A 
state is soon reached when the friction Remains very 
nearly constant, and this continues until suddenly, with 
practically no warning, seizing takes place. 

The duration of the steady state seemed to depend 
to some extent on. the velocity of sliding, and at high 
speeds it was generally very short. Fig. 6 represents 
the case of an aluminium-aluminium contact, but the 
conditions are t 3 rpic®,l of all metal surfaces. In order 
to take full advantage of the steady state, the speed of 
rotation was reduced until the variations in the normal 
friction forces showed signs of becoming too slow to be 
properly compensated for by tlie damping. All the 
experiments on the metals were made dua^g the constant 
frictioif' state described above. When seizing occurred 
the surfaces were re-grojfn<k cleaned and dried agjain 
before the tests were continued, and in most c^es tlnis 
operation had to be repeated a dozen times or so. Aftei» 
sliding, the dull matte appearance, of the surfaces 
produced by grinding was partially destroyed. If the 
contact was good tlie metallic lustre was restored more 
or less- uniformly over the whole surface. * 

At first it was thought that something might be 
gained by polishing the rubbing surfaces, but some 
experiments on a copper-copper contact showed this 
view to be erroneous. After* grinding the two surfaces 
together so that they fitted accurately, they were each 
polished separately with rouge. When repktced. ii^ the 
torsion apparatus and tested in the usual way it was 
found that they only touched at comparatively few 
points. The polishing operation had completely distorted 
them, and the result was a ploughing 'action which 
caused seizing. 

In many respects non-met^s were much Easier to 
handle, chiefly because the steady friction state continued 
almost indefinitely. In the case of the torsion apparatus 
the results were found to be exactly the same with and 
without the gas chamber in use. In view of this fact, 
the subsequent tests were all carried out in air, 

r 

Standards of Comparison. 

Since the pressure-change at a semi-conductor cpntact 
was found to be principally electrostatic in origin, we 
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decided that the best basis on which to compare different 
materials was the drop of potential across the system. 
In the case of good conductors had to look to other 
sources for the cause of the slipping action which is so 


surfaces, through the tube in the centre. TJie pressure 
was kept constant by throttling the output of the blow{!r, 
and a flexible connection to the gas chamber allowed llie 
air to be passed through while the apparatus was in 



characteristic of metal-metal contacts. Here the inter¬ 
face P.p. could only be a very * mall and indefinite 
fraction of the applied P.D., so that the only reasonable 
standard^ of comparison was the current. 


operation. The temperature of the sliding surfaces was 
roughly measured by a mercury tlicrnioiucter at 
outlet. 

The maximum value recorded was only but 



mechanical effects at sliding contacts. 

Experimental Work. 

(1) Inflwnce of heat.—A. streana of clean hot air 
was passed toough the gas chamber of the torsion 
apparato. bemg admitted by one of the taps on the outer 
run and discharged, after passing between the rubbing 


over this range the variation in friction was nngligibla 
for all the metal-metal contacts. But in the case of 
copper-graphite there was a decided recluctioii in the 
friction forces as the temperature increased, amounting 
to about ~ 2-5 gramme-cm per degree C. at a pressure 
of 18'7 grammes per cm^. There were indications that 
the effect was greater at higher pressures. 

The grapWte-graphite contact also showed a fall in 
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friction with increase of temperature, but on a much 
smaller scale, about — 0*26 gramme-cm per degree C. 

(2) Relation between friction force and velocity, —^Tests 
on metal-metal contacts -showed a small increase in 
friction with increase of speed over the range considered, 
6 to 100 r.p.m., whilst those including a semi-conductor 
gav/B practically no variation. 

As an indication of the relation between the static 
and kinetic friction the following experiment was made 
on metal surfaces with^the torsion apparatus. Having 
adjusted the torsion head to the equilibrium position 
for a given steady speed, the motca: was shut oif. and 
the damping vanes were removed. When the motor 
was again sts&ted^ tne initial torque in no case exceeded 
the mean running torque, and was generally a little 
smaiiller. 

(3) Influence of surface distortion, —^When a loaded 
slider is dragged along an elastic plane it will be preceded 
by compression waves on the surface of the plane. To 
eliminate any effect due to distortion it is necessary 
that the slider should be continuous in the direction of 



its motion. A ring, such as was employed in our 
experiments, appears to be the only form of slider which 
satisfies this requirement. But the conditions are very 
easily altered by cutting radial slots in one of the 
surfaces. 

Consider a ring, of outside radius jRq and inside radius 
Ri, revolving about a vertical axis and rubbing on a 
flat surface (Fig. 6). If oiHy the area included within 
tlie angle 6 is operative and the total pressure is P, we 
have:— 

2P 

Intensity of pressure = 

TaMng an element of area at radius B and of widtir dB, 
the elemental friction force dF 


n 

^^27TRdB 

27r 

where = coefficient of friction. 
Or total friction torque 

iti, 


2Pijl 


2PiMRdR 

Wo-HI) 




2/tP 




-•B!) 


That is. if JP = friction torque, «■ 

^ 2P(1J? - JS!) 

from wliich we see that the/coefficient of frictiofl for a 
given size of ring depends only on the slope of the curve 
connecting torque and total pressure,^ ^ 

Table 1. ^ 

Calculated Coefficients of Friction fpr the Various Materials 
Te4ited. 


Nature of contact 

Coefficient 
of friction 

Apparatus ' 
employed 

Copper-Copper (Area 38 cm^) .. 

P-13 

Torsion 

Copper-Copper (Area 36 cm^) 

0-13 

Torsion 

Copper-Copper (Area 27 • 8 cm^).. 

0-13 

Torsion 

Silver-Silver . 

0*12. 

Torsion 

Aluminium-Aluminium 

0*14 

Torsion 

Zinc-Zinc. 

0*14 

Torsion 

Wrought iron-Wrought iron 

0*16 

Torsion 

Nickel-Nickel 

0*16 

Torsion 

Tin-Tin . 

0*16 

Torsion 

Lead-Lead. 

0*18 

Torsion 

Steel-Phosphor bronze 

0*19 

Torsion 

Steel-White metal. 

0*27 

Torsion 

Copper-Celluloid (.^ea 38 cm^) . . 

0*16 

Torsion 

Copper-Celluloid (1) (Area 36 cm^) 

"0*16 

Jorsion 

Copper-Celluloid (2) (Area 36 cm^) 

0*16 

Torsion 

Copper-Qelluloid (Area 27*8 cm^) 

0*16 

Torsion 

Wrought iron-Celluloid 

0*^15 

Torsion 

Celluloid-Celluloid * . 

0*18 

Torsion 

Copper-Lithographic ston5 (3% cm^) 

0*15 

Torsiojti 

Copper-Litliographic stone (27 • 8 



cm^) . 

0*14 

Torsion ^ 

Silver-Lithographic stone 

0*19 

Torsion 

Aluminium-Lithographic stone .. 

0*2 

Torsion 

Nickel-Lithographic stone 

0*16 

Torfsion r 

Wrought iron-Lithographic stone 

0*16 

Torsion 

Steel-Lithographic stone ... 

0*18 

Torsion 

Tin-lithographic stone 

0*16 

Torsion 

Brass-Lithographic stone. 

Lithographic stone-Lithographic 

0*22 

Steelyard 

stone ’ . . 

0*69 

Steelyard 

Copper-Slate. 

0*16 " 

Toirsibn 

Wrought iron-Slate 

0*16 

Tor^on 

Copper-Graphite (normal) 

0*22 

Torsion 

Graphite-Graphite (normal) 

0*19 

Torsion 

Copper-Chalk (saturated) .. 

0*49 

Torsion 

Copper-Clmlk (slightly moist) 

0*03 

Xorsion 

Copper-Red Fibre 

0*12 

Torsion 

Copper-Paxolin 

0*18 

Torsion 

Brass-Agate.. .. .. .. 

0*29 

Steelyard 


•According to Amonton^s law, therefore, should be 
possible to cut any number and any size of radial slots 
without changing tlie relation between torque and 
load. 
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A large number of experiments were carried out in this 


way on copj)er-copper ring contacts of two sizes. The 
area was gradually reduced from the maximum of 38 cm^ 
in the one case, and 27*8 ciA^ the other, to about 
0*25 ^ cm**. The slope of the torque-pressure curves 
remained practically constant until the final stages were 
reached, when there, was a small but definite increase. 
Loads up to 3 000 grammes were used, but unfor¬ 
tunately it was^nbt possible to reduce the contact area 
further and still maintain its proper sector shape. 

^of. Hardy alid Miss I. Doubleday say that the 
coefficient of friction is a maximum when the surfaces 
are clean, and give thS figure 0-74 for a steel slider on 
a steel plate in this condition.♦ The coefficients of 
friction deduced from our experiments on various metal- 
metal contacts (Table 1) are, on the average, not more 
than about 0*16. * It is true that the same degree of 
^eanliness may not have been obtained, but even 
Hardy's lubricated surfaces 3 deld a figure twice as 


value of the right order. The fact that riSigs df different 
sizes gave the same figures is strongly in favour of this 
argument. 

As the result of some careful experiments on 
discontinuous sliders of various shapes, Chaumat ♦ 
came to the conclusion that the friction force depends 
not only on the pressure, as Amonton's law states, but 
also on the degree^of asymmetry of the loading. H^dy 
has confirmed this result and attributes tfie effect to 
irregular lubrication. Is it not more likely to be due 
to changes in the retarding forces produced by the 
deformation of the^ surfaces ? 

(4) The significance of the ** initial pressure " betui^en 
the surfaces ,—If the torque due to fri(;tion between 
the surfaces is plotted against the pressure, we invariably 
.obtain a straight line which, when produced, does not 
pass tlirough the origin (Fig. 7). That is to say,* the 
friction does not vanish when the applied load is 
indefinitely reduced, but there always remains a certain 



great as that which we obtained quite regularly with 
dry surfaces. • 

The question arises : Is tliis discrepancy accounted for 
by deform^-tion of the contact in the case of the spherical 
slider employed by Hardy and Misa Doubleday ? 
From a calculation for the maximum intensity of 
pressure, by the equations due to Hertz f it would appear 
tl^at the elastic limit of the material must have been 
closely approached if not exceeded. 

It mght be objected that our expression for the 
coefficient of friction of an annular contact assumes 
the load to be uniformly distributed over the whole 
extent of the rubbing surface. If the intensity of 
pressure is ^eatest near tlie inner radius of the ring, 
the calculation will yield an excessive value for u, or 
vice versa. We should expect, therefore, an average 


• W. B. Hardy and 
1922, voL 100, p. 680; 
vol. 40, p. 201. 

t Hertz j “Contact of Elastic Solids,” Miscellaneotis Papers. 


L Doubleday; Ptoce^w„i 
W. B. Hardy ; Philosop, 


of the Royal SocUfyi 
Magazine,’ 1920, 


torque corresponding to what may be conveniently 
called the ** initial pressurebetween the surfaces. If 
the interface was free from moisture, this could only have 
arisen either (i) from the exclusion of the atmosphere 
between ihe surfaces or (ii) from cohesion forces operating 
at the points of molecular contact. We are inclined to 
think that the initial pressure is principally attri* 
butable to the exclusion of some of the air between the 
surfaces. 

Summary of Results. 

There is plenty of evidence to show that the engaging 
of asperities is not primarily responsible for the pheno¬ 
menon of solid friction, although this action undoubtedly 
amplifies the retarding forces in many cases. Our 
experiments on surface distortion due to a discontinuous 
slider demonstrate the effect on a large scale. Its 
infiuence is only likely to be of importance with rough 

♦ CompUs Rendns, 1008, vol. 186, p. 1634. 
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m 


surfaces and High pressures. What we call “sei 2 ing'' 
is probably an exaggerated form of surface distortion, 
and occurs when the elastic limit of the material at 
the points of contact has been exceeded. 


about a quarter of an hour. The “initial state “ is 
always reproduced when the surfaces have been washed 
and dried, or when they have been left in the “ final 
state “ and are not ffcuirhed for about half an hour. 
The recovery is gradual and the “ initial state “ is often 


ELECTRICAL EFFECTS AT SLIDING CONTACTS- 
Contacts between Good Conductors. 

Experimental Work. 

(1) Current-torque clfanges .—The change which occurs 
in the friction torque at a metal-n>ptal contact due to 
the passage of a steady current is very simple. Fig. 7 
represents tl>e cace^f copper-copper, which is typical of 
all good conductors. It will be observed that the current 
doe^ not alter the coefficient of friction but merely adds 
to, or subtracts from, the pressure between the surfaces 
an amount depending upon the magnitude of the current 
passing. Magnetic and non-magnetic metals behave 
alike in this respect. 

The variation of torque with current is much more 
complicated, although the general characteristics of 
different contacts are more or less the same. Fig. 8 
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Fig. 8. Variation of torque with current for copper-copper, 
as measured by torsion apparatus. 


partially re-established after a few minutes. Iff) when 
the critical current has been exceeded and the “ final 
state “ produced, the surfaces are only re-dried in a 
stream of hot air, the conditions rare^'uaaltered, unless 
sufficient time has elapsed to exercise an influence. 
Moreover, the “ initial state “ correspCnding to the first 
part of the cycle can always be repeated any number of 
times if the current is kept belOw the critical value. 

The actual magnitude of the torque-changes appears 



for copper-copper is fairly representative of the average 
conditions. 

After the surfaces have been ground, cleaned and 
dried, they appear to be in a peculiarly sensitive condi¬ 
tion, which we shall characterize as the “initial state.“ 
As the current is increased from zero, the friction torque 
invariably increases, but at a certain critical point the 
torque suddenly drops and in most cases falls below the 
no-current value, the drop increasing with further 
inciease of current. If now the current is reduced, 
the torque returns towards its initial value without 
any irregular variations. When the current is again 
increased, the torque-change follows the last part of the 
first cycle, that is, it generally falls with increase of 
cuirent. This is the final state,“ and its characteristic i 
friction-changes may be repeated any number of times, 
provided the interval bej:ween the tests does not exceed 


to vary with the nature of the contact and the fit of the 
surfaces. It was noticed that the “ stiction “ was much 
more marked ^when the contact was good. ^ ' * 

The full effect of the current does not operate quite 
instantaneously, particularly in the “initial state.“ 
The heavy damping made it difficult to foUow the time- 
changes, especially as these lasted only a few seconds at 
the most. Even in the “initial state “ ther^ always 
appeared to be a tendency for the current to reduce the 
friction. On switching on, there was generally a slight 
transient decrease in the torque, and, on switching oft, 
a similar slight increase. On the whole the observations 
suggested that there was some building-up action which 
took a second or two to complete. In all cases the 
figures represent steady value. * 

There were also indications that there was a small drop 
in the no-current pressure between the surfaces at the 
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transitioijL from the initial to the final state, but the 
change was scarcely measurable with the apparatus 
employed. 

By combining the torque-c?irrent curves with the 


This effect was proved to be relatively negligible by, 
altering the shape of the circuit so tlaat the loop was 
very much larger. When the connections to the upper 
and lower ring extended vertically for considerably 



corresponding torque-pressure curves the variation in the greater distances, tlie changes in the friction forces 
intensity of the force across the contact when carr 3 dng corresponding to a given current remained unaltered, 
various Currents has been deduced. This was not (3) Influence of a liquid film between the sliding 



Fxo. 11.—^Variation of injensity of pressure with current for various metals, as measured by torsion apparatus* ,. 


peritnissible, however, in the case of graphite, on account 
of the complicating influence of heat. The results are 
shown in Figs. 9 to. 16. 

(2) Influence of electrodynamic action of circuit .— 


surfaces. —^Any trace of moisture between the surfaces 
enormously reduced the stiction,'' and when tlie inter¬ 
face was really wet a current less than the normal 
critical value would often cause ** slipping.'* The normal 
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coefficient of friction was of course also influenced by 
the water film, which acted as a lubricant, so that a 
smaller torque corresponded to a given pressure varia¬ 
tion, but this does not ^iccount for the current effect 
changing from a positive to a negative one. 

Some quantitative measurements were made with a 
mercury amalgam between two copper surfaces (Table 2). 
Having secured a good contact by Ending in the usual 
way, the rings were carefully amalgamated over the 
whole extent of the sliding faces, so that when placed 
together in position "ihey formed a continuous metallic 
conductor without any air pockets between them. 
Various currents up to 100 amperes were then passed 
through the sySt^sn when the two solid parts were in 
relative motion, and the variation in the friction forces 

Table 2. 

Copper-Copper: Surfaces Amalgamated with Mercury, 

Torsion apparatus in. diam. suspension) calibration 
24*4 gramme-cm per degree. 

Outside diam. of copper ring = 10-18 cm Area = 36 
Inside diam. of copper ring =7*6 cm f cm'^. 
Weight of copper ring = 93 grammes. Speed — 12 r.p.m. 


Variation of Torque with Current at Constant Pressure. 


Applied pressure 17*9 grammes per cm^. 


Current (amps.) 

Current density in 
amps, per cm2 

Torque change in 
gramme-cm 

60 

1-67 

0 

70 

1-95 

-r 6-0 

80 

2-22 

- 12-0 

90 

2-6 

- 18-0 

100 

2*78 

- 31-0 


observed. The results show that up to about 60 amperes 
the stiction associated with the gas film between the 
surfaces was entirely banished, and at larger currents 
a decided reduction in the friction torque was indicated. 

(4) Comparison between different areas of contact ,— 
Tluree different sizes of copper-copper contacts were 
tested, and all gave the same general characteristics 
(Fig. 9). The relative magnitude of the effects will be 
discussed later. 

(6) Influence of^ velocity of sliding .—There was no 
measurable variation in the friction effects of a given 
current over the range of speed considered, 6 r.p.m. to 
100 r.p.m. . 

The total resistance of the circuit also remained 
practically constant until the sliding surfaces were 
brought to rest, when it suddenly dropped. Fig. 16 
shows the resistance-changes due to motion for Various 
currents passing across contacts of wrought iron-wrought 
iron, nickel-nickel, steel-phosphor bronze and copper- 
copper, In all cases the change decreases with increase 
of current. 

To make these measurements an annular mercury 


trough was fitted to the outer edge of tlie bra^ disc on 
which the lower contact ring rested. An insulated copper 



Fig. 12.—Variation of intensity of pressure with current for 
wrought iron afid wrought iron, as measured by torsion 
apparatus. 


wire fixed to the framework and dipping into the mercury 
trough thus provided a continuous metallic connection 



Fig. 13. —^Variation of intensity of pressure with current for 
copper and chalk, as measured by torsion apparatus. 

to this ring. By short-circuiting the sliding surfaces 
it was ascertained that there was no resistance-change 
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at any of*the mercury contacts when th apparatus was 
set in motion. 


2-100 



” ^ -40-50 

mtensity of pressure, m ^ainmes/cm^ 

Fig. 14.—.Variation of torque with pressure for copper 
graphite, and graphite and graphite, as measured 
by torsion apparatus. 

Jfi) Instahility of resistance.—TUs was a very notice¬ 
able feature of practically all the contacts tested, and 
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fluctuating. The effect was perhaps most noticeable 
when the surfaces were at rest. 

(7) Comparison between the effects of aiternutinjt 
and direct currents. —Onl 3 ' Icav-frequeiicj’ alUiriiating 
currente (50 cj^cles per see.) were employed, but, witlaii 
the limits of accuracy obtainable, practically no <li llerente 
was observed betweon the torque-changes prodijced bvji 
given R.M.S. value of a varying current, and Uu; corre¬ 
sponding direct current. Tlie initial and linal .states 
were precisely the same. There wevo indica lions, how¬ 
ever, that the " stiction ” was not tpiile as large; with 
alternating current, but the apparatus was not really 
sufficiently sensitive to clecide this point. • 

These remarks do not apply to tTie* wrought iron- 
wrought iron contact, which will now be (smsiilered 
separately. • , 

(8) Effects peculiar to .special cases. 

(a) Wrought iron-wrought iron conta<l.— Tl\o. current- 
pressure changes as.sociatcd tvith this tamtact (J ig. la) 
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le,—Resistance-changes with current b«?tweeii vati.ne; 
metals, as measured by torsion apparaluH. 

w characteristic 

of all the other metals tested. 

There are no initial and final sbites. Tin; imHisure 
simply increased and decreased regularly with the 
current, the ch^ge being con.sidcmbly greater tlnm for 
^e non-magnetic materials. The Inukling-up effwit was 
p^cularly marked, and as much as a tiuarter of a 
mmute sometimes elapsed before the final steady comli- 
lons were rc^hed. Moreover, it was the*onlv case in 
^ch an alternating current definitely prwJucwl u 

01 

svSfr^current caused the surface.s to vibrato 
as the press„,e^ha»g.s w™ 
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{Figs. 10 and 11). The stiction was less in the final 
state than in the '' initial state/* and was practically 
the same for alternating and direct currents. 

(c) Copper-graphite contact, —^The fit of the surfaces 
in this case was perhaps inferior to that obtained with 
two metals. They were prepared by first grinding with 
l^our emery and water, and then simply allowing them 
to rub together for some time when slightly moistened. 
Finally, they were thoroughly dried and tested in the 
usual way. 

No stiction was Observed to accompany the pas- 
sag of a small current across the junction, as Fig. 15 
ihdicates. Possibly the critical current was too small 
to produde dhj measurable effect. The " final 
state" was established immediately and continued 
iirdefinitely. 

Another peculiarity was that the reduction in the 
friction due to a given current increased wdth the 
pressure applied between the surfaces (Fig. 14). 

A considerable amount of heat was generated at the 
contact when the current was maintained for more than 
a minute or two, and this seemed to accentuate the 
slipping effect, the main part of which was simultaneous 
with the application of the current. 

There^was no difference between the action of alter¬ 
nating and direct currents. 

(d) Graphite-graphite contact, —The outstanding char¬ 
acteristics of this contact were exactly the same as 
those of copper and graphite (Figs. 14 and 16). The 
influence of heat was perhaps less noticeable, and 
occasionally a small transient stiction effect was observ^ed 
when the current was first applied. 

(e) Copper-chalk contact, —^The friction forces were so 
irregular in this case that it was difficult to make any 
observations of value. Small flints in the chalk, which 
was in its natural state, ploughed the surface of the 
copper, and to add to the difficulties the current could 
not be kept constant. 

The contact was prepared by scraping the chalk until 
the marks produced by sliding showed that the fit was 
tolerably good. 

No stiction was observed, and a few preliminary 
tests made it clear that the effect of a current in reducing 
the friction was a function of the number of amperes 
passing and had no relation to the applied potential. 
Ther was always an initial rush of current on switching 
on, and a corresponding drop in the friction torque. 

If the current was maintained the effective resistance 
of the circuit slowly increased, and if the terminal P.D. 
was kept constant the friction torque gradually returned 
to its normal value. 

When the chalk was moistened, the friction forces 
became more regular and the results a little more 
consistent (Pig. 13). 

The same current was obtained with widely different 
applied voltages by var 3 dng its time of application, and 
the curves show that the friction torque is definitely 
related to the number of amperes passing. 

(/) Contact hetmeen metallic lead and wood saturated 
with hydrate of potash .—^This is practically the com¬ 
bination, employed by Edison in his' original loud¬ 
speaking telephone, except that wood was used instead 
of paper, the surface of which was found to rub up. 


It was rObserved that there was a reduction in the 
friction when a current was passed across the contact, 
and that the effect ^eater if the lead was connected 
to the negative side of the supply. 

TIiEORY. 

We have seen that the change in the friction at a 
sliding contact, due to a given ^curfeat, is independent 
of both the applied load and the relative velocity. It 
follows, therefore, that the effect is due to variations in 
the resultant pressure acrdss J:he interface. 

It is clear that there are two distinct actions involved, 
one tending to increase the friction and the other tending 
to decrease it. Certain observations suggest that the. 
effects operate simultaneously in opposition to one 
another. At a certain critical current, which varies 
with the nature of the contact, it generally appears that 
the slipping action suddenly predominates. 

(1) Nature of ** stiction effect,** —The increase in the 
pressure between the surfaces is a necessary consequence 
of any difference of potential across the interface, and 
its existence has been practically proved where semi¬ 
conductors are involved. 

In the initial state the stiction ** is by far the 
more important and, possibly, the only effect. 

The irregular behaviour of the wrought iron-wrought 
iron contact is difficult to understand. We can only 
suppose that the •electrostatic action is supplemented 
in this case by a magnetic one. The current stream¬ 
lines cannot be i^rmal to the plane of separation of the 
surfaces, so that the encircling m^kgnetic flux crosses 
the interface at an angle. The relatively high perme¬ 
ability# of» wrought iron would naturally greatly 
accentuate this action. The stiction increases 'mucli 
more rapidly than the cua^ent, probably because we are 
working right at the b<?ttom of the magnetization curve 
for the material. ^ 

(2) Nature of slipping effect, —It has been shown tjiiat 
the electrodynamic action of the local circuit tlirough 
the sliding contact had no measurable influence on the 
pressure between the surfaces, and the effect of T;he 
earth's magnetic field fnust have been equally un¬ 
important on account of the distribution of tlie con¬ 
ductor to the upper ring. We look, therefore, to the 
interface for the origin of tlie observed reduction in 
pressure between the two parts. 

One might suppose a change in the ijjature of the 
surfaces by# local heating or a small separation'^of the 
contalct by particles torn away from the solid boundaries. 
But such considerations are not required by the evidence 
distinguisliing the so-called " initial *•* and " final " 
states. 

If it is admitted that the numerous gaps between the 
solid contacts assist in the conduction of electricity 
across the junction, our selection of the possible causes 
of the slipping effect is immediately extended. 

Many of our results indicate that the reduction in 
the pressure between the surfaces is primarily a function 
of the current. 

Sir J. J. Thomson ♦ has pointed out that the electric 
force theoretically required to drag an electron away 

’C **Cpuduction of Electrjpity through Gases.’* 
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from a metal surface might easily be realized *with even 
a fraction of a volt across a very smaU gap. It would 
seem possible, therefore, that tl^p slipping effect at our 
• vras partly due to a bombardment of 

the surf^es by ^arged particles projected across the 
^ spa^. A rough calculition is sufficient to show 
^t with currents of the order employed in this investiga- 
tion a concfption, of the mechanism involved is 
The mechanical reaction accompanying 
’*can hardly be supposed to function 
m tte mmute gaps ,with wljich we are dealing. 

BetwcOT our rubbing surfaces we probably had both 
hqnid and gaseous conductors through which the current 
had to pass in crossing the interface. Under favourable 
con<hfaons the so-called " pinch effect" • fnay produce 
comid^ble mechanical forces between the different 
parts of a circuit including a mobile conductor, and we 
suggest that this action is directly responsible for the 
obs^ed reduction m the pressure at a sliding contact of 
good conductors when carrying a current. 

Wither the, film between the surfaces be Uquid or 
ps, toe acbon is much the same. Whether the current 
IS atternatmg or direct, the forces produced will be 
pracb^y equaUy intense. When the interface is wet 
tL amalgam we have shown that 

he imtial sbction is entirely banished and is generally 
replaced by a tendency to slip, precisely what one would 
expect on the assumption that the positive action is 
electrostatic attraction Ibd the negative 
one to the so-called “ pinch ” phenomenon. The liquid 
to short-^cuits the gaps and gresftly reduces the 
potential difference between the surfaces 
Consider the nortnal case of two metal plates in I 
mutual contact. • The interface conductor -v^l in 
general consist partly of an oxide or sulphide, part!y of 
moistore partly of gas. .For the most pait ttl is 
in^ile will submit to distortion by striction forces 
^toough our surfaces were ordinarily dried, it is not to 
be supposed that they were reaUy free from moisture 
and we m.ust regard toe gaps as partially occupied by 
wa^ molecules. The metal will be by far the best 
conductor and, consequently, the current stream-Unes 
n. to coiwentrate at projections on the surfaces. 
The pmch effect will then tend to cause the plates 
to separate. ^ 

Unfo^nately, it is impossible to calculate, even 
appioximately, the pressure developed by the “ pinch " 
effect at an imperfect contact carrying a current. We 
have to remember that the action takes ‘place in a 
confin^ sp^e, and that toe conducting veins are 
probity bemg .continually ruptured by a sudden rush 
of cufrent at one point. Mtoen toe surfaces are sliding 
t^etoer the conditions are still more complicated^ 

The numerous parallel paths aa-oss the contact axe 
contoually changing, so that inertia of toe interface 
mobile conductor will have an important influence. 

The prMsure generated by the current in one particular 
m wiU remam some time after it has ceased to conduct, 
and in this way the total force tending to separate the 
surfaces may.be considerably magnified. 
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Tlie theoretical expression for the pressure produced 
in a cylindrical conductor, namely 

where 2 == current, and It *=. external radius, shows 
toat the effect maytoe very intense over small areaa 
conducting veins will contract, and in many ca^ 
toere will be a complete rupture. If the velocity of 
top^ement is large, the projection of the particles 
to the right and left of the break 5uy also add to the 
pressur? on the surfaces, and this action will also tend 
to pCTsist after the current has been stopped and trans* 
ferred to another part of toe contact. * * 

It is interesting to note that A. Sellerio * observed 
an mcreased repulsion between the poles of an electric 
^c When toe electrodes were very close together, 
further research on this subject might reveal some 
very mteresting facts with regard to the forces accom¬ 
panying the discharge of electricity across very small 
gaps. 

(3) T/ie significarice of the "critical" Our 

experiments have shown toat the slipping effect assumes 
a controlling influence at a certain “ critical current." 
In^ew of our h37pothesis as to the nature of ton contact 
and the action of the interface film, the following 
explanation at once suggests itself: That the partially 
conducting layer is suddenly broken down and made 
a relatively good conductor by ionization. The effect 
IS equivalent to interposing water between the surfaces. 
The electrostatic attraction forces are enormously 
reduced by this means, and electromagnetic striction 
becomes dominant. 

In the ''initial state'' the conduction across the 
contact is probably mainly through the solid and 
perhaps, partly electrolytic. The transition point 
corresponds to the potential at wliich metal electrons 
begin to be dragged across the majority of the gaps 
which hencefortli assist in the transportation of 
electricity. 

We know that a metal is always more or less spongy, 
due to tlie occlusion of air bubbles, and that when the 
surface is ground some of these are laid open, forming 
minute pits. When the critical current has b en 
exceeded, these pits will contain ionized gas, which 
will remain in the conducting State for some little time 
after the P.D. has been removed. It should perhaps 
be made clear that the ionization is supposed to be 
produced through the agency of the electron streams 
forming tlie initial discharge across tlie gaps, and not 
by tlie direct action of the electric field. 

If, when the contact is in the final or ionized state, 
the current is sivitched off, re-combination of the 
gaseous ions will gradually restore the original con- 
ditions. Immersion of the surfaces in water, of course, 
immediately reproduces the initial state. 

We have seen that the full slipping effect does not 
always operate simultaneously with the application 
of the current, a fact which is at once explained by 
the ionization lag. The tendency towards a transient 
reduction in the friction on making and breaking the 
circuit, when the interface was in the initial state, 

♦ PhilosQphiccd Mtigazine, 192S, vol. 44, p. 765. 
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may have been an inertia ejffect accompanying electro¬ 
magnetic striction in the moisture film before the 
electrostatic attraction had had time to build up. 

On the supposition *hat friction is due to a lack 
of correspondence between the direction of sliding and 
the interface equipotential surface, it is possible that 
the accumulation of free electricity in the gaps, due 
to ionization, may slightly modify the distribution of 
this imaginary frictionless surface. If such is the 
case the change ipust be small. We did actually 


from the fact that the pressure-changes are afl approxi¬ 
mately of the same order, no deductions of value can 
be made. This lifte ^f investigation was therefore 
not pursued. 

(5) The relative effects of alternating apd direct 
currents ,—Our hypothesis^regarding tne nature of the 
** stiction ** and slipping ** effects does not require 
any great difference between t^e auction of. alternating 
and direct currents where non-magnetic materials 
are concerned. The observations are, of course, time 



Applied O. volts 


Fig. 


17.—Variation in pressure with appHod P.D. between various 
iron’-celluloid and celluloid-cellulpid, as measured 


contact areas of copper-celluloid, * wrought 
by torsion apparatus. 


observe a sj^M drop in the no-current torque at the 
transition from the initial to the final state, but it 
was scarcely measurable. The coefficient of friction 
also remained, unchanged. 

(4) Influence of the area of contact .—If in the. initial 
state the electrostatic attraction operated alone the 
gr^ure-change corresponding to a given interface 
P.D. should be independent of the area of contact. 
We have to remember, however, tlmt the effective 
fruition resistance, and therefore the potential between 
the surfaces, are actuary functions of this area. Apart 


averages, so that in the case of a varying currept 
the stiction at any rate should be slightly smaller. 
The magmtude of the effects was unfortunately not 
large enough for us to get very definite information 
on this point, 

, A contact between one magnetic and one non¬ 
magnetic metal gave precisely the same results as a 
contact between, two nqn-magnetic metals, but if, 
both surfaces were iron, the pressure-phange corre¬ 
sponding to a given current was very much less with 
^ alternating supply; This is exactly what we should 
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expect, 6ii the assumption that the effect is partly 
a magnetic one. 

(6) Contact resistance. —It is jlegjr from the foregoing 
discussion that the effective resistance of the interface 
is fundamentally associated with the friction-changes. 

In alf our sliding contacts the transition resistance 
fell slightly with increase of current, and the con¬ 
ductivity of the in^face film was considerably reduced 
when the two surface? were in relative motion. We 
conclude that th$ increase in pressure across the 
contact for a given current is larger during sliding. 

An examination *of 9 to 11 shows that the 

critical current varies wdth tlje nature of the surfaces. 
A noticeable feature of the curves is the relation between 



iFiG. 18, —^Variation of intensity of pressure with applied 
P.D. between various metals and lithographic stone, as 
measured by torsion apparatus. 


*he gritical current and the magnitude of the slipping 
effect,* Generally, the greater the one the smaller is 
•the other. 

(7) The influence of the fit of the surfaces on the 
^re'^surexchanges, —^The larger the gaps, the greater 
is the tendency towards slipping, principally on account 
the ra^id.reduction in the electrostatic attraction 
forces. 

In the case of copper-graphite, graphite-graphite 
.^jid copper-chalk, the stiction was completely over- 
.come. On the other hand, in the case of wrought 
ixon-wrought iron, nickel-nickel and zinc-zinc, the 
^slipping effect did not appear. Th fi.t of the surfaces 
was no doubt partly responsible for these results, but 
-tlie interface film must also have been an important 
actor. 


Contacts Including a Semi-conductor. 

Experimental Work. 

(1) Voltage-pressure changes. —The friction-changes 
accompanying the passage of S current across a contact 
including a semi-conductor axe very much greater 
than the corresponding changes occurring at a contact 
of two good conductors. Moreover, apart from sm^l 
variations of pressure with the time of application 
of the current, there axe no complicated effects like 
the “ initial * * and " final'' states’Observed in the case 
of metal-metal cont 2 .cts. 

There is always a rapid increase of pressure as tlje 
applied potential is increased, up tc^ about 250 volts, 



Fig. 19.—Relative pressure-changes corresponding to 
various R.M.S, applied voltages, as measured by steel¬ 
yard apparatus. • 


when the rate of change gradually falls off, forming 
a point of inflection in the curve (Figs. 17 to 21). The 
magnitude of the current effect depends both on the 
nature of the contact and on the thickness of the 
semi-conductor. Different metals rubbing on the same 
semi-conductor gave different pressure-ch^ges. 

The ** stiction is independent of the force applied 
between the surfaces, so that a given P.D, merely 
displaced the torque-pressure curves bodily without 
altering the coefficient of friction, as in the case of 
the good conductors. 

(2) Voltage-resistance changes, —^The total resistance 
of the circuit also v^ied with the applied P.D. At 
low voltages it falls rapidly, but tends to a steady 
value as the potential is indefinitely increased (Figs. 
17 to 21). - 
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- In many cases it was difficult to get reliable figures 
for the resistance, on accouht of its characteristic 
instability. When the terminal P.D. was perfectly 
steady, the galvanometer deflection kept jumping 
up and down, whether the surfaces were in relative 
motion or not. The effect was exactly the same as 
that observed with metal-metal ^contacts. It had 
nothing ^ do with vibration, and was generally more 
marked at the higher voltages. 

The pressure-changes appeared to depend very little 
upon the magnitude of the current passing, and were 
not perceptibly affected by the resistance instability. 

^(3) Variation of torque and resistance with time of 
application of —^The total increase in the torque or 



Brass and agate gave a curious directional effect 
(Fig, 22). In this case, as the torque increased the 
resistance decreased,<^ai]^ vice versa, the nature of the 
change depending upon the direction of the current. 
By repeated reversals when the conditions had, become 
approximately steady, a secies of curves was obtained 
which show the relation between these quantities. 
The steady value of the torque independent of 
the direction of the current, but'^he effective resistance 
of the circuit had two final values, /according to which 
brake block was positive ^d which negative. This 
asymmetry must have been du^ to some small difference 
between the two contact$j on the cylinder. 

(4) Influence of moisture between the surfaces ,—^When 
the interface was saturated with water the application 



pressure corresponding to a given potential is not usuallv 
snniiltoeous ^th its appUcation. In most cases th^I 

to its pressure gradually rising 

to ^ on. and gradaaUy falling 

ts nonn^ value on switching Off. The curves 
represent final steady values. 

In the same way the total resistance of the circuit 
imdwgoes a change with time, and usually assumes its 

of the P.D. application 


of potmtial‘differences up to 650 volts produced no 
observable change in the normal ffiction forces. This 
was equally true for all the semi-conduptor contacts. 

resist ®^y®>^-li<^ographic stone, tlie total 

rMistance of the circuit at 650 volts was reduced from 
atout 3-9 X 108 ohms when dry. to about^lO® ohms 

resistance of wrought iron 

toe ?uri^e^ ® mterposed between 

(B) Caparison between different areas of contact — 

^toct^twh of copper rings were tested in 
contact with the same sample of celluloidi The results 

^r^^ted in Fig. 17 and wiU be dfecussed fa^ 
Ceffuloid was chosen for this comparison because there 
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is practically no lag in the pressure-change^ when a 
given P.D. is applied. 

(6) Influence of the velocity of .Riding, —As in the 
case of metal-metal contacts, tlie velocity of sliding 


Some experimental figures were taken for silver- 
lithographic stone and wrought iron-litliograi^hic stoiu^ 
and are given in Fig. 24. It will be observed that the 
change in resistance due to mojdon gets smaller as the 
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Fig. 22. Variation of torque and resistance with time of application of P.D. between brass and iiRatc iw 

measured by steelyai'd apparatus. * 


makes very little difference to the pressure-change 
accompanying the Application ol a steady P.D. 

Brass-agate was, however, exceptional in tins respect 
(Fig. 38). At low voltages th^e was a decided tendency 
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23.—Variation of torque with speed, for brass-agate, 
as measured by steelyard apparatus. 

bnt^at 2M increased, 

out at 200 volts this was negligible. 

the resistance, the velocity of sliding 
rp.it tile surfaces were brought to 

tai ■’ gradually fell to a lower average value 

taking about half a minute to reach its minrmum 

VoL. 62. 


^Ppiicd P.D, is increa.sc<l, exactly in the smite wav 
as for good coiulnctors. 

(7) Comparison bcUmen Ihe e/fccls of altertmling 
and direct currcnts.~h\ order to ensure comparuiive 
conditions, alternating- and direct-current P.D.'s of 
the same value, as indicated by an electrostatic volt¬ 
meter, wore applied alternately to a given confac.t, 
the torque-changes in each case were ob.scrvotl, hut 
the instruments available were only suilaldi' fur 
mea.suring the direct-current resistance. 

The results for lirass-agate and brass-litliogratihio 
stone are given in Figs. 10 and 21. Tluiy arc vtn-y 
-similar to those obtained for, wrought iroii-wriuight 
iron. Iho alternating IM). caused tlie brake Idocks 
to vibrate on the cylinder. 

Some more precise information nliout the wave- 
alternating-currout supply wa.s oldaiiiMl 
oscillograph was used to record 
the FMJ.. curve at several dillerent It.M.S. volfriees 

factor-'"’wr'^d Planimoter the *' form 

factor was deduced m each case, it aimears 

ratio R-M.S. voltage the smaller is^ tlii.s 

(8) Influence of body and contact resistances - -'I'wu 
thicknesses of celluloid wore tested in the torsion 
apparatus under the same conditions. The res, s 
are shown in Fig. 17. Unfortunately, the saimiks 
must have been rather different in composition, beennsi- 
was le.ss for the thick piece, 
itli certain contacts, the application of P.D.'.s up 

11 
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e t 

to 550 volts produced no measurable change in the 
friction torque. This applied to the following cases :— 

{a) Copper-glass (0-28 cm thick). 

Torsion apparatus (yV in. diam. suspension) 
calibration 24*4 gramme-cni per degree. 
Outside diam. of copper ring = 10-18 cm. 
Inside diam. of copper ring = 7-6 cm. 

Area = 36 cm^. 

ip) Copper-ebonite (0-22 cm thick). 

Torsion apparatus in. diam. suspension) 
calibration 24-4 gramme-cm per degree. 
Outside diam. of copper ring = 10-18 cm. 
Inside (Jiam. of copper ring = 7-6 cm. 

Area = 36 cm^. 



Fig. 24.—Change in resistance due to motion, with various 
applied voltages, as measured by torsion apparatus. 


alter the coefi&cient of friction but merely adds to the 
applied pressure. 

Our observations on semi-conductor contacts give 
very substantial suppdH to the view that tlie " stiction 
has its origin in electrostatic forces acting between 
the two surfaces. The cp^rents emplpyed were usually 
of the order of milliamperes, so that according to our 
theory any repulsion effect is quite negligible. The 

r, ^ ^ 
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(c) Copper-micanite (0-2 cm thick). 

Torsion apparatus in, diam. suspension) 
calibration 24*4 gramme-cm per degree. 
Ou^de diam. of copper ring = 10-18 cm. 
Inside diam. of copper ring = 7-6 ciA. 

Area = 36 cm^. 

In the last case, (c), the contact was not very good, 
but sufficient to indicate any appreciable changes. 

Theory. 

(1) Pressure-changes and their relation to the contact 
resistance.—Wh&x dealing with semi-conductors the 
analysis of the results is much simpler. The '' stiction ** 
effect persists over the whole range of currents con¬ 
sidered. The appHcation of a steady P.D. does not 


curves show that the rate of increase of pressure with 
applied poj;ential generally begins to falf off abbut 350 
to 400 volts. The total resistance of the circuit also 
drops rapidly as the terminal P.D. is increased. If 
we iiiay assume that the body of the conductors fpllows 
Ohm's law, this conductivity change must occur at the 
two contacts vrith the semi-conductor. We qpnclude that 
^6 reduced stiction at the higher applied voltages 
is due to the decrease in the interface P.D. by reason 
of the coherer action. Although the current increases, 
the potential between the sliding surfaces becomes 
a smaller proportion of that applied to the terminals 
of the apparatus. If the contact was wet, the friction 
remained unaltered by the passage of current, and 
the total resistance of the circuit was much lower. 
These are all sig^niffcant facts. In most cases the 
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friction v^as greatest when the resistance had reached 
a maximum, but the brass-agate .contact* was an 
exception. In this instance the steady pressure-change 
corresponding to a certain applied was unaffected 
by the direction of the current, suggesting that the 
drop across the^ interface :gnally attained the same 
value. This is consistent with the supposition that 
the interface P.D. is partly determined by the magnitude 
of the current pajissfhg.* 

(2) Comparison between different areas of contact .— 
The comparison between different areas of contact 
carried out for copper-cellufoid leaves little room for 
doubt that the **stictioit" is directly proportional to 
the extent of the surface. The*same sample of celluloid 
was used throughout the test. 

(^) Comparison between the effects pf alternating and 
direct currents. —^Figs. 19 and 21 show the relative 
pressure-changes corresponding to various R.M.S. applied 
voltages. The fQrm factor of the alternating 
E.M.F. wave is given in Fig. 25. Taking the true 
mean or time average of the applied P.D.'s, we see 
that the "stiction'* is practically the same whether 
the supply be steady or varying, again confirming the 
view that the effect is due to electrostatic forces. 

(4) The significance of body and contact resistance .— 
The friction between metal and either glass, ebonite, 
or micanite, was not measurably altered by a current 
passing across the junction. We cpnclude, therefore, 
that the body resistance of these,^ semi-conductors, 
or perhaps more appropriately dielectrics, is large 
compared with the resistance of th^ contact. Not 
more than % fractio» of a volt could have been absorbed 
at the interface without being detected. 

The condition for stiction is simply ^thgjb the 
insulating property of the semi-conductor is fumj^hed 
by the contact rather than by the mass of the material. 
Some^xperiments which we sS.al> describe on tlie direct- 
current c6nductivity of lithographic stone and slate, 
as Ineasured between mercury electrodes, indicate the 
importance of the. contact in these cases. 

As far as we are aware, no attempt has been made' 
to distinguish between body and contact resistances. 
It seems to "have been taken for granted that the 
transition resistance from electrode to dielectric was 
always relatively negligible, particularly if the con¬ 
nection was made with mjercury. This is far from 
the truth in many cases. Some suggestive expefimental 
results are given by Addenbrooke * for the direct- 
current resistivity of celluloid as measured between 
mercury electrodes. Samples of different tliickness 
were tested under similar conditions. The figures 
are i^eproduced .in Table > 3^. 

It is clear that the total resistance per unit area must 
have been yery nearly the same for all three samples, 
both when ordinarily dry and specially dried. To us 
the conclusion is irresistible that a large proportion of 
the resistance must have been in the mercury contact,^ 
but Addenbrooke attributes the apparent irregularity 
to variations in the amount of absorbed moisture. 

It is significant that merely to wet the metal-litho¬ 
graphic stone surfaces employed in the friction tests 

• Journal 1919, vol, 67, “ Institutiau Notes,’* p. (IS); 9 . 06 .Proceedings 

of the Physical Society of London^ 1S15, vol. 27, p. 291. 


reduced the effective resistance of the circuit to about 
a quarter of the original value. 

This somewhat remarkable correlation of facts can 
have only one interpretation : ^many substances must 
rely largely on the contacts for their insulating properties. 
Under standardized conditions, the magnitude of the 
pressure-increase produced at the junction of a semi¬ 
conductor and a metal conducting a current, is aS 
excellent basis for comparing the real value of different 
substances as insulators. By testing various thicknesses 
of a particular sample of semi-cbnductor the body 
and contact resistancfs are easily separated. 

Such an investigation is not coiined to direct current# 
Some observations with high-frequency currents might 
lead to very important results, and supply us with 
more information about the variation in the appaxe^t 
conductivity of a dielectric with frequency. It is 
not unlikely that the change really occurs in the 
contacts. 

To distinguish properly between body and contact 
resistances it would be necessary to employ mercury 


Tabije 3. 


Thickaess 

Specific resistance # 

Room dryness 

Dried 

ram 

ohms per cm cube 

ohms per cm cube 

0-62 

1-7 X IQIO 

— . 

0*4 

3-2 X 1010 

2-9 X 1012 

0*23 

6-7 X 1010 

4.4 X 1012 


electrodes on both sides of the semi-conductor, and to 
do away witli the necessity for grinding the contact. 
A simple and satisfactoiy arrangement might be made 
by passing a stream of mercury under pressure through 
a pipe of the semi-conductor immersed in mercury 
and measuring the. fall in the head over a definite 
length, with and without a P.D. applied between 
the inside and outside electrodes. Alteniatively an 
apparatus of the form used by Heyl for metal-metal 
contacts might give good results. In classif 3 n.ng different 
materials, allowance would have to be made for the 
increased resistance of the contacts due to relative 
motion, but this should not be a difficult matter. 

Our experiments are sufficient to show that such 
materials as slate, red fibre, paxoUn and celluloid can 
only be classed as dielectrics in virtue of their high 
contact resistance, and that the true body conductivity 
of these semi-conductors cannot be measured with 
mercury electrodes. • 

ELECTRICAL EFFECTS AT STATIONARY 
CONTACTS. 

Experimental Work. 

(1) Transition resistances of metal-metal contacts.-^ 
In order to estimate the transition resistance at 
standstill of the annular metal contacts employed 
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in the **friction tests, the apparatus shown in Fig. 26 
was employed. 

Electrical connection was made with the upper 
and lower surfaces of ■&e rings by means of ebonite- 
mercury troughs. In Siis way the nature and area 
of the contact were rendered definite, so that any given 
conditions could be repeated. Great care was taken 
Co clean the surfaces. 

By a**process of ehmination, figures were obtained 
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cup 



Plan 


throng upper mercury 
' trough-for coimection 
upper contact rins 





Scale Cf-iucKeft 


Fig. 26. —^Apparatus for measuring the resistance of 
metal-to-metal contacts. 


was generally very liigh. As the current was increased, 
the P.I>. *also increased simultaneously in direct pro¬ 
portion, but periodically it fell suddenly to lower values. 
Sometimes tlie devi^idh from Ohm*s law took a second 
or two to operate. This was not due to the inertia 
of the voltmeter needle cjc lack of damping. ^ 

Usually one of the resistance-changes was more 
marked than tlie otliers. At a certain critical current 
the P.D. might fall to half it© oAgfnal value. After 
the current had been increased to about 30 or 40 amperes 
the conditions became more or less stable, although 
there were always minor f5uctuations, wliich continued 
when the applied P.D. was 'maintained constant. If 
now the experiment was repeated, the resistance for 
small currents was found to be only a little greater 
than that for large currents, and this condition was 
practically unaltered by furtlier tests, and therefore 
corresponded to the " final state,'* 

After washing and drying the surfaces again, the 
'*'initial state** was invariably restored. Merely to 
re-dry them produced no effect. If the contact was 
left untouched in the final state for some hours, 
the initial state was never completely re-established, 
although there was always a tendency to recovery. 
Continually tapping the rings produced a semi-sensitive 
condition. 

(2) The direct-current conductivity of lithographic 
stone and slate ,—Samples of the semi-conductor were 
cut in tlie form erf a cylinder and were' tested between 
mercury electrodes as shown in Fig. 27. The current 
corresponding tg^ a steady applied P.D. of about 600 
volts was observed at intervals after the .circuit was 
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m 
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Qylinder of 
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Fig. 27. —^Arrangement of direct-current conductivity test. 


for the actual interface resistances, but these were not 
of much value because the contact between mercury 
and ring w^ supposed perfect. 

The experiments showed, however, that tlie mercury 
contacts very nearly followed Ohm's law, so that an 
indication was given of tlie interface resistance character¬ 
istics. These correspond in a rather remarkable manner 
to the friction-changes associated with tlie passage of 
a current across a sliding metal-metal contact. 

When the rings had been ground together, washed 
and dried in the usual way, the initial resistance of 
the circuit, test (d), as measured by a small current, 


closed. Wlien the current had become approximately 
constant the P.D. was revei-scd and the ob.servations 
were repeated. 

About a dozen such tests were made on each of 
three cylinders of the same material, having a diameter 
of 1-06 cm and lengths of 66 cm, 2*6 cm and 10*8 
cm respectively. No two series of readings for a given 
specimen were exactly alike, but typical curves are 
represented in Fig. 28 for lithographic stone and in 
Fig. 29 for slate. The figures for lithographic stone 
were by far the more consistent, and the '* residual 
charge," which sometimes has an important influence. 
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rusli of current when the P.D. was first applied. As 
the system became charged the current dropped, 
finally reacliing a more or less steady value. 

Absorption involves*^the establishment of a back 
E.M.F., which increases with the time of application 
of the external P.D. and adds to the apparent resistance 
the circuit. By reversing the direction of the external 
P.D. tli^absorption E.M.F. is destroyed in a few minutes, 
and then it gradually builds up in the opposite direction. 

In the case of slate the resistance reached a maximum 
soon after switching on, and at this point the residual 
/:harge was found to change iti sign. There is little 
doubt that tl\e furious variations in the conductivity 
of slate were largely due to the effect of the residual 
charge. 

"" The initial rush of current was always greatest with 


It is imfortunate that in a gi'eat many researches 
carried out on this subject the active materials employed 
have been a mixturr o^two or more different substances. 
We must bear in mind that the contacts between plug 
and filings also have a share in producing the^ observed 
resistance-changes, and rfiay in cert^iin ca^es have a 
controlling influence. 

Most of the common metals andfg:^phite w^ere tested 
in the manner described, the resistance being deduced 
from measurements of tlie terminal P.D. corresponding 
to a given current. A l^^gh-resistance voltmeter was 
used, so that it did not by-pa5?s any appreciable current. 

Typical curves for silver and copper are shown in 
Figs. 30 and 31. As the P.D. is increased, the resistance 
falls rapidly at first and then tends towards a minitnum 
value. This stage corresponds to what has been called 
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Fig. 30.—^D.C. resistance characteristic of copper-filings 
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Fig. 31.—^D.C. resistance characteristic of silver-filings 
coherer. 

Silver electrodes. 


tlie shortest cylinder, and the characteristic resistance 
instability of solid imperfect -contacts was not very 
apparent in these experiments. 

(3) Coherer characteristics. 

{a) filings .—Only -comparatively small voltages 

and currents are required to produce the so-called 
coherence phenomenon, but in the following experiments 
as much as 13 volts was applied to the terminals 
of some of the coherers tested, and currents up to 
10 amperes passed through them. 

The apparatus consisted of a glass tube about J in. 
internal diameter having metal plugs in the ends, 
enclosing loosely packed filings. The jflugs were 
connected to insulated terminals and were always made 
of the same naetal as the filings. 


"coherence,'* and is the normal working range of 
the commercial instrument. Further increase in the 
applied potential produces a sudden, very marked 
instability of the resistance, the average value of which 
begins to get larger again. In the case of copper, the 
filings had obviously become warm by thSs time and 
were beginning to discolour. The resistance-change 
became automatic, the current slowly falling and the 
P.D. rising as tlie oxidation of the particles spread 
from the positive to the negative electrode. This 
process continued for some hours until finally the 
conditions became very nearly steady. . 

If, however, during the time-change the external 
resistance of tiie circuit was suddenly altered so as? 
to increase the current, there was generally a simultane- 
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ous complete rupture between the particjes in the 
tube, followed by a spark. This effect occurred more 
asily when the filings were loos^y packed. 

The gradual decoherence action which proceeded 
automatically was found to be independent of the 
directioif of the. current and took place in a series of 
little jumps.. 

After tlie filings had become well oxidized the initial 
conditions were •not Easily restored by shaking the 
tube, especially if^a P.D. was maintained across the 
terminals. But if continuity was successfully re¬ 
established, the first s^g^ in the resistance-changes 
was always repeated. 'N^en the minimum value of the 
resistance was reached it became exceedingly unstable, 
and a further increase in the applied P.D. caused an 
interruption in tlie circuit. 

The characteristic curve for silver is very much the 
same, except that the time-change does not appear 
in this case. The^ tube first of all coheres and then 
decoheres, completing the process with a sudden 
rupture between the particles. As the test proceeded 
there was very little discoloration of the active material 
and the temperature-rise was comparatively small. 

The size of the filings had a noticeable influence. I 
With small particles loosely aggregated, the minimum 
resistance is reached with a smaller applied P.D., 
and the decoherence can be followed more easily without 
causing a premature brealc in the circuit. An examina¬ 
tion of the filings after the test showed that there could 
not have been any welding in the ordinary sense of 
the word. They fell apart immedialiely if touched. 

Any sudden changes in the applied P.D. during the 
final stages of the resistance-changes invariably produced 
a simultaneous rjipture in the cirpuit. Tli* conditions 
were* anything but stable during this phases The 
ammeter and voltmeter needjps were constantly wobbling 
up and down in opposite direeftons, whilst the increase 
m resistance as the terminal P.D. was raised was 
accompanied by a series of sparks among the filings. 
After the filings had been used once, the sulphide 

foimed on their surface appeared to increase tlie 
satotivity of the arrangement, so that, the cycle of 
resistence-changes could be repeated with considerably 
smaller currents. 

A number of other metals were tested in the 
way and ^ways wth the same general results. Lead 
tm. alumimum and zinc aU interrupted the circuit 
soon^after fhe coherence was complete. In one case 
Mlow^^ ^ time-change, but it was not easily 

characteristic curves for copper and silver were 
selected as bemg fairly representative of the non- 
magnetic metals. 

• Nickel and wrought iron only interrupted the circuit 

^ “ake the fiUngs 
^hot. If finely-divided wrought iron was placai 

tSr Tudrin/ behaved in the orSnary 

wa^ Judgmg from the position of the sparks the 

Kubr^r^®^ between the filings and the^electrode. 

A tube contaimng powdered graphite was found tn 

(o) L,ead peyoxtde, —^Fisr. 32 rerjrfaean+e « 4 - • i 
direct-enrrent characteristic for com^essed lead pe^d^ | 


# ^ ^ 

contained between metallic lead olcctroilcs. In prnrfi- 

cally every detail it corresponds exactly to that fihlaincd 
for copper. 

Thkok^. 

(1) Coherence and - Althongit tJu* 

sistance-changes at imperfect contact may. in nianv 
cases, be largely due to a reatljti.slineul of iis 
by the interface forces, there must also h<» oilier con¬ 
siderations involved. 

A circuit including two rigid flietal plates piesstul 
together gives a sing.!! deviation from Ohm's Jaw, as 
our experiments on .stationary ring contacts .sJiowe^J. 
On the other hand, a mercury connect ii^ndias a relatively 
constant resistance. We concliule that the ga[Ks In^l 
the surfaces are chiefly re.sj)on.sil)le for the ch.iii;;e. 
Our hypothesis regarding the action of (he inlerfai^^ 
film at once offers an explanaliDii. h'or a givt*ii IM>. 
the gaps as.sisting in IJie conduction of electririly will 
all be wdthin a certain niaximnm leiigth, llu* .sehretion 
being made according to the potcnitial gratlieid. As 
the applied P.D. is incrc^ised, the ioiiizathjii of the gas 
between the surfaces will l^cexiendcil and. «:oii,s(H|Meid iv. 
the effective resistance of the confaid will he rednci-iL 
The change will actually occur in litlle jurnjis. lud 
the ''critical'' potcnti.als nui}!' be .so close•hjgtdlier 
that the effect appears gradual. The Jit of Iht? surfaces 
is the determining factor, and if there is one parlieularJv 
pronounced drop in the resistance it simply means 
that a large number of gaps ha\'e become ucl i togelher. 
When the two parts of tlio contac.t art? in n^uive 
motion the spacing i.s averaged, and iumserjuenlly 
there is always one very marked critical IM>., w'hic’h 
we have seen corresponds to the traji.sitlon from the 
initial to the final .state. Moreover, the .small irdcTval 
01 time required to effect the increase in conducHvity 
is consistent with the nicchanLsm wc an* dcscrihing. 

As soon as a gap becomes ionized it also bct^fuiil's 
susceptible to electromagnetic striction. which will 
produce mechanical forces tending to separate ihv 
surfaces. The electrostatic attraction will iemporarilv 
cease to operate on account of the relatively low iiderfm'e 
resistance. But if the parts of the contact are frtu- In 
move they will do so in such a manner that the 
distance between them is increa.sed and ilu* condiio 
tivity of the system corrospfl^ndingly reducfnl. At the 
same tmie the contraction of the comlnctiug veiii.s due 
to the pinch effect will become more pronouiitatd as Ilu* 
current rises, so that their effective rc.si.stam:c will also 
become larger by this means. 

The v^ious effects we have described enn be more 

decoherence in the cases of coji „,r and 
ead peroxide must have been largely due*to a chemic il 

should expect, the acconripanving rcHistauce- 
chmige was automatic. But the 

suggestioTthi^t^^^ J^esnlts without any appreciable 
in by an aUcratiem 

Moreover, all the metals 

ently inSeased^r the eiStoaf re 
changed ext^al resistance snddcnlv 

cnanged. The effect worked more easily when the 
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filings were'^‘loosely packed, and ^sometimes occurred 
in stages if the particles were small. All these observa¬ 
tions might have been predicted from our theory. 
The thickening and extension of the interface film 
would also assist in the concentration of the current 
stream-lines and the striction would gradually interrupt 
the various parallel paths through the tube. The 
Action is obyiously cumulative, because a break in 
one contact means that more current has to pass through 
the others, and ultimately complete discontinuity will 
be established. ^ 

That the coherence of iron ai^d nickel is partly a 
ijiagnetic effect was proved by our experiments. The 
fact thatiron loee^its high permeability at about 800® C., 



and nickel at about 370® C,, and that an interruption 
in the circuit through tubes containing filings of these 
metals could only be brought about at red heat, is very 
significant. Again, a mixture of iron and brass decohered 
immediately. 

(2) The instability of the resistance of an imperfect 
contact^V^e^z^VQ remarked that in all the imperfect 
contacts with which we have been concerned, except 
pCThaps where mercury forms one of the electrodes, 
the mterface resistance manifests a curious instability', 
which IS quite independent of mechanical vibration. 

If we consider once again the operation of the film 
between the surfaces, we see that the magnitude of 
e current conducted by the gaps may vary even when 
the applied P.D. remains constant. The area of active 
surface depends upon the voltage-drop across the contact. 


An extension of the number of conducting gaps is 
simultaneously accompanied by a reduction in the 
interface P.D., because the total current must remain 
approximately constant Consequently, such a change 
will be very quickly arrested, and then continued again 
as soon as the contact resistance has risen suflicientl 3 ^ 
It is clear that the conductivity of the junction, and 
the voltage across it, are interdependent, producing 
very unstable conditions. TheT striction of the con¬ 
ducting veins of mobile conductor in the interfaces 
may also exert an influence. A small increase in 
current will tend to reducfi the section of these veins 
and therefore increase their effective resistance. , 

A 

Correlation of Facts and a General Theory of 
Imperfect Contacts. 

When reading through the literature of this subject, 
one notices an unfortunate tendency to keep the various 
• theories in watertight compartments. Where we are 
concerned with processes of such an involved nature, 
we cannot afford to limit our attention to^one particular 
point of view. 

Our experiments have shown that the mechanical 
pressure at an imperfect contact of good conductors 
is first increased and then decreased as the applied 
P.D. is raised. The conductivity of the system has 
been proved to follow a similar cycle of changes, and 
is Icnown to be exceedingly sensitive to the interface 
forces. It follows 1:hat if the active material (including 
the interface fiiobile conductor) is capable of readjust¬ 
ment under the fhfiuence of small alterations in these 
forces, the principal characteristias at once become 
more or less intelligible. We have* already discussed 
in detail the influence of the interface film. Here it 
will be sufficient to ppint out that coherence and de- 
coherence would be imp^ssi^le without it, and thatT»’lien 
the solid boundaries are incapable of displacement the 
mobile conductor between them alone determines the 
conductivity changes by variations in its distribution 
and the degree of ionization. 

Although the resistance of a sliding contact is^ilwajrs 
greater than that of a similar stationary one, the evidence 
suggests that the same considerations apply in*-* both 
cases. 

Conclusion. 

In conclusion the autlior wishes to express his sincere 
thanlcs to Prof. J. A. Fleming, M.A., DrSc., F^l.S., 
for placing <the resources of the I^aboratory at hi.s 
disposal and for advice during the coarse of the work ; 
and to the Department of Scientific and Industrial 
Researcli for financial assistance. 


APPENDIX 1. 

Tim paper recently published by Messrs. Johnsen 
and Rahbek * dealing with the adhesion set up between 
a metal plate and a semi-conductor with which it is 
in close contact, contains several statements which are 
^Pp3J^®iitly in conflict with the results of our observations 
on this subject. 

* Journal hB , E ., 1923, vol. 61, p.l713. 
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• 

In the first place, it is asserUnl tliat the conijici resist¬ 
ance, wliich plays so important a part in the stiction *’ 
phenomenon, is absent willi inen^iry elt’ctmcles. Oiir 
experiments on the dircct-cnvrertt mmliu tivity of litho¬ 
graphic stone and shite suggest that this is extremely 
unlikeh^^but in order to cl«ar up the matter we Jiave 
carried out the following tests. 

A disc of polished lithograpliic stf)ue was snspi^mletl 
horizontally by a^flexilfle wire from one end of tJie arm 
of a balance so that it just louclH?d the surface of a 
pool of mercury (see -h'ig. Hie wire was (fleetrically 
connected to liie stone, ia^some cases by a piece of 
tinfoil spread over it, antfin otliers by a layt'r of mereiirv 
enclosed in wax. On accotinf of tiie exclusion of the 
atmosphere at the contact and the cohesion operating 
across the interface, about 12 to 12 graimiK's per square 
inch was required to raise the stuiii-coiuhtctor from 
the mercury. Wiien, however, a IM>. was afjplied 
across the contact •the force necessary to stqiiirate the 



litliogivipliic 


Kig. '13.—Apparatus for f»liserviug the 
a mcrcuiy-sofiii-ci{|iditi:.i4ir 


ole( In^iulhes^tu at 
Miit.uq. 


parts wa.s considorahly iticmiscl. \\i(h a 

volte (a.c.) supply, alxuil 2 to «niuinu-s uMni woijjlit 

If. say, 2 sra,nmc.s won, add,si to ll,,. s. alu pa„ wlus. 
he uirrciit vvas on, as soon as it was switched nlf 
the htho«:raphic .stone disc cainic riftht awav from (||,. 
rnercury Moreover, if the disc was tilli-d Zldlv 
of Sc at oueconufr, the aj,,,Iica(imi 

together ovw the wliol,, aiva. This process cmdd tu- 

^rf i.lIiVll to .SM urc 

perfectly clean nierenry, arid flu, Hthoenuiliic stone 
wa.s^ wrushed a.nd dried Iwfore nsiim U iri! . ! 

oo^ooa™ t? t 

wa. M. will. m™. 

of xylonite Tr.f ‘’'"“'ay ohsnrvations. In the case 
average initial pressure" was It) j 


graniinos per .sipiarc incJi, and the average aifditional 
adhesion etfect due to 200 volte was ().« sraniiue iier 
S(|uare iiicli. ^•o^ Hlate an ” initial pressure ” of S 
grainines per sipiare inch was increased to 10 grammes 
per square inch wlieii Uie enrfent was passing. 

^•‘<*w detiniteh' that a very cori.sider;iblc 
suction eOect exists at a contact hetwwii a .smni- 
conductor and merairy. The plieiu.memm is by m, 
iiiciuis conlined to the ca.so of solid elecInsleV Since 
he mlhesion is electrostatic iii origin, it follows that 
the re.stslance of the interface film *jetwfen the merciirv 
an, the .seiin-comlnclor is far from negligible; in 
Incut imist he a large proportion of the total resistance 
of the circuit. It is .signiticaut thaljlw nature of the 
contaet on the iq.per side ,.f the .seini-comhictor made 
no ohservahle diltereiice to the increase in the ailhesiun 
duo to an apjdied P.I). * 

We .should he iiit,Ti»,fe,I to know how Messrs. Joliiisen 
ami Jvahh,.-lc measured the dislrilmliou „f ,‘K,t,.,ilial 
I over a aremt inelmliiig a metal j.late in ,.intact with 
a piece of lithographic stone, emvcni for which are 
givuu m paptT. 

It woukl appear that it is only possihl,- to s,s.:nie 
a really lovv-resistance contact when the lu|iiid electrode 
wets the siirlace of the .semi-conductor, and flam the 
junction ceases to he wlial we call “ imi.erf<.,'l." The 
.snpptisitimi that mercury exactly follnw.s the contour 
of the seim-comluctor and llms ,limii,at,-s air-gaps 
IS 51 fulhu'.y, ^ ^ ' 

Onr experiments <iii the ” slipping'• efi.-ct ol.serv,*.l 
III tUirtaiii types ,»( eoutacl show that this is gciierallv 
due ton reduction in the pressure hetwisii the siirfaces, 
and not to a ,;haiige in the coeliicient of friction.' 
J'.x,eplioim to this rule w,-re only found in the case!; of 
copfiiT-griiphili, and graiihile-graphile. :iiid (.vi'ii in 
these instances the change wa.s principally in the forces 
across the iiitorfac,-. The eflect which altered the 
twlicieiil; of friction did not opende simiilt.im',m.slv 
W'lfh the applitsilimi uf the ciiiTeiil. The lolisoii 
electminolograph could not have workeil hv llu! p;,rl 
of the "slipping” .iction witli whi.di any ap].r,-ciabl.- 
Iime-I;ig i.s associated, and therefore, unlike Messrs. 

Jo m.sen and Haldu*k, we conclude that the main fuucUou 
Of the current wa.s to produce a reduction in the mechani¬ 
cs pre.sHnre between the siirfa,:es. The tli.-ory of 
eleidrolylic dksocialimi of tho. moist me ai the interface 
m,eiv,i,s little support from the hid;. On the ol|„>r 
hand we veiilmv U, believe that our hvt«dhesis. ihai; 
the ■ pinch ellec.t " i.s owponsihle for the plienomcmm. 
explaiii.s all the experimeulal ole;ervalion.s, and at; 
the same time .satisfactorily accomU.s for the rapidity 
of file fnctioii-i;]iuiig(.s. ^ 


Al'iM’.N'OIX 2. 

The electroslulic forces which, we have shown, .ire 
priKhiced by flu- application of a potenti.d difference 
between a hipml met;d, fau h as mercury, ami a .semi¬ 
conductor in contact, with it, have been'ntilteed hv us 
m several ln.strmnerils,* ^ 

♦ Patents have 4ii»pUed for. 
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A telephone receiver can be made by simply floating 
a thin disc of lithographic stone, having its under side 
slightly concave, upon a pool of mercury so that only 
part of tlie surface is normally in contact. Electrical 
connection is made to the upper side of the stone disc 
by tinfoil cemented to it. The application of a varying 
potential difference between the tii^oil and the mercury 
cQ.uses a corresponding vibration of the semi-conductor. 
The attraction set up at the interface by the passage of 
the electric current across it pulls the semi-conductor 
periodically into morS intimate contact with the mercury. 
The sound is produced either by tjje direct action of the 
vibrating disc on the surrounding air, or by the com¬ 
pression and rarefaction of the air partially enclosed 
between the mercury and the under side of the semi¬ 
conductor, a small hole, through which the air is 
forced in and out, being provided in the centre of the 
disc. 

A v'ery simple galvanometer for an oscillograph can 
be made by employing a piece of semi-conductor 
oscillating on the surface of mercury, so that its motion 
corresponds to the wave-form of the applied E.M.F. ' 
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Preface. 

For some time the Association has been engaged in 
the study of vamish-paper and varnish-fabric boards 
and tubes. In the past no standard method of testing 
materials of this class has been recognized, and there¬ 
fore methods of test were developed. As the result of 
the investigations which have been carried out the 
. tests described in this Specification are recommended 
forjthe purpose of ascertaining the electrical, mechani¬ 
cal and chemical characteristics of vamish-paper and 
vamish-fabric<>boards and tubes. 

The teste contained in Section II of the Specification 
axe essentially of a thorough research nature, whilst 
the abridged tests given in the Schedule axe intended 
for use when a complete investigation of all the 
chaxacteristics of the material is not required. 

The Director of the Electrical Research Association 
will value comments and criticism from those who 
have occasion to use any of the tests given in this 
Specification. 


{a) Definition of Varnish-ptbper and Varnish-fahvic 
Boards and Tiibes, *' 

The term “ Varnish-paper (Fabric) Board (Tube) 
denotes a board (tube) made from superimposed layers 
of paper (fabric) treated with varnish. 

{b) Classification of Varnish-^paper g,nd Varnish-fabric 
Boards and Tubes, 

The following classes and grades are recognized:— 

Class I, Synthetic Resin Varnish-paper and Varnish- 
fabric Boards and Tubes, 

Grade A, —^This includes synthetic resin vamish- 
paper (fabric) boards (tubes), the principal charac¬ 
teristics of which are low water absorption, high 
resistivity, and good machining properties. This class 
of material does ncft necessarily possess a high electric 
strength at high temperatures, and is generally used 
for radio work and electrical apparatus where the 
dielectric is not subjected to a higli electric'* stress at 
a high temperature. 

Grade•B,-^Tlcds includes synthetic^ resin vamish- 
paper •(fabric) boards (tubes), the principal chaxac- 
teristic of which is a liig)> electric strength at ijjigh 
temperatures. This gra5e, in general, has not ,as good 
mac hin i n g properties as Grade A., and is generally usefl 
in electrical machinery where high electric strength is 
required at a high temperature, as, for example, in 
oil-immersed plant. 

Grade C, —^This includes synethetic resin v^Chiisli- 
paper (fabric) boards (tubes) made from an inorganic 
paper or fabric (such as asbestos). The principal 
characteristics of this material are its ability to with¬ 
stand a high temperature without serious loss of 
mechanical properties. Tins grade in general has not 
as high an electric strength as either G^rade 4 or 
Grade B, is more hygroscopic and of lower resistivity. 
Its machining properties, although sufficiently good to 
permit of its being drilled, sawn, etc., are not in general 
as good as those of Grade A or Grade B.** ^ 

Class II, Natural Gum or Resin Varnish-pdper and"' 
Varnish-fabric Boards and Tubes, 

Grade A, —^Tliis includes natural gum or resin varnish-^ 
paper (fabric) boards (tubes) possessing .relatively high 
electric strength, and able to witlistand temperatures 
up to 96® C. vrithout softening. This material is 
generally used for transformer insulation. 

Grade B, —^This includes natural gum or resin vamish- 
paper (fabric) boards (tubes) possessing relatively high 
electric strength and able to withstand temperatures 
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IC.l 


to 7(t witiuuit sohoain.u* I'liis material isgeiierally 
isr*eil AvliiTO tiu* leiiiperature-'ri'ie is sinall. 

Xuu . It is m omii/eil that special materials are 
ulaaiuahlf h <lo fall ittlo any ol the f^rades 
•dveii ahn\e, as, ti»r instauit*, Intmnen'paper hoard 
and Unsi’^sl tiil varnish papwr board. 

\{') 7 Vi 

Thi‘ term ^ r.oii^^ittidiiial denotes the diivclion 
paralh‘l (ujthal in wliieh the material travelled 
during' iiuiimfaclure. 

pit The term Trans” tlenutes the directum 
at ri|dd ani'les to lliat ileseribed in (i) above. 

liii) *rije term •'Perpendicular" denotes the direc¬ 
tion normal to the surface of tlu? material. 

NoTC. W'ht'u t he materiid is built up of superimposed 
layers haviii^j lhi» *' jL*raiu " at right angles, there is 
lui dehuiie longitudinal or transverse direction. 

« 

ir, ivurnitijts of test. 

l. (*oNUi*no:fJiN* 4 j w Seia rMLN'H eKKViouii to Tjcst, 

(iij IHirtikal /Vk/.s. 

The Itleettic Strength, (dause 3. the Kesislivi(y» 
Planse ‘1, th»* Suiiaee Kesisi ivity, t’lanse 5, and tlie 


75“ C. to 80° C. for’lH to 24 hours, excepf iu flie case 
of Class If, Grade B materials, the temperature for 
which shall be from 55“ C, to G0“ C. I'he test: shall be 
conducted as soon as the temperature of the specimen 
has fallen to 2CP C. ( h 5" C.)*except where otherwise 
specitied. 

(r) Chchuiml 7'csk^ 

The chemical tests shall be carried out on the material 
as received without conditioning, 

2, Bhtekmtnation of Tiiicknkss. 

The specimen sliall be conditioned in accordance witfi 
C’kmsc 1 (6) before the thickness is determined. 

{a) /I’omr/.s. 

Measurements of thickness shall be made by means 
of a suitiddc micrometer at ten points equally spaced 
around the sides of the hoard. Tlie maximum, 
miniinunx and mean values of the thickness shall be 
staled. 

(/>) JUtbea* 

The iutcn\al and external diameters of the tnljc shall 
be mea.snred at each cud, two measurements being made 



luiernal e. t laiiM’ 

as many ar* ptn.'^ibh* of iho 

♦ ♦ 

(i) " Nornud " Priiidiliioii 
** fill " Dry " t Vmdifiou 
flit) " Damp" ( rimlilion 
(iv) " Tropiral " (!ondition 
(v) " itecuvered " Cniiditic 


>, shall be tUlunnined for 
followiiig conditions - 

' SiH* Teclmkal Pnblku- 
tion Kef. A/S 2. 
Directions for J[)e“ 
*1 tcrinining the IClcc- 
Irk: SIrength of 

hihrons fnsulaling 
Materials, 


(h) Mn^Mninil ami Tr^ih, 

Before d^tenniiiiiig the merhaiiital and physical 
iliaraclerbtics as sperilhd in the n*Hpee.iivc clauses, 
the Hpeciiuens shall be dried nl n ternperaturt? from 


on diameters at right angles in each case, The measure- 
tnents shall be made by means of a suitable micrunietcr. 

The maximum, minimum and mean values of the 
(iiaineter.s sliall be stated. 

# 

Jh EU'CTIUC SxflKNOTII. 

'i'he electric', strength shall be determined in accord¬ 
ance with Technical Ihiblicaiinn HvtL A/S2, Directions 
for Determining the Ideclric Strength of Fibrous 
lusuialing Materials. 

4. IlKsisTivny, 

The specimen .shall be conditioned in accordance with 
Clause 1 {a) before the resistivity test is carried out 
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Section at AA 

Fig. 2.—Form of Apparatus for Volume Resistivity and Surface ResisUvity Tests (U.S. Bureau of Standards). 
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Measureiuents shall be made at various temperatures, 
including the maxinuiiu toaii:)erature at whicli the ■ 
material is to be studied. 

The specimen and the electnifles^shall be ex[KJseil to 
the ''normal'* atmosphere as delined in Technical 
Publicat^u Ref. A/S2, J3ir<ictiaiis for Delermining the 
Electric Strength of Fibrous Itisulating .Matt^rials, fur i 
18 to 24 hours prior to the ineasiirenutnt of the resist- ^ 
ance, and in th« of tests at nmm leinperalurt* 
whilst the test is being cariied out. 

A specimen 4 indies diameter simll he set up lor lest 
as shown in Fig. • 

The resistance shall bS measured ut tlte eml of eacii 
minute, over a period of ten fliimites* elecirilication at 
a potential difference of 500 volts. The resislivilv , 
shall be expressed in megohm.v tor a tanitimetre cmhe. j 


surface resistivity sTinll be expressed in fliegohms for 
a centimetre sqiuire, ami a curve shall he plolletl 
showing the relationship belw'een siirfacte re^-islivit v 
and lime. 

Nuji;.~Tli.( .liiiu-nsions of .1 suitable apparatus arc 
shown m Fig. 2. 

0. Jn^krnal Rksistanci*:, ^ 

Tlie spcdiiicii shall b<- c.iulitioiicd lit aA-onlancc 
\vitli (lausc I (ft) [.cforc the intcrual rcsisUiuce is 
ileterinuied. « 

iMejisuremeiils sludMur made at various lemperatiires, 
includiuK the maximum temperature at which tlie 
material is to be studied. . * 

Tlie .spedmeu and eludrodes sliall be exposed to ilie 
■ normal'' almosj.liere as <lelined in Tedmical I’uliliea- 



an^ a curve shall bo plotted .showing the rdalionslnt. 
between resistivity and time. 

Note.—T he dimensions of a .suiluble apparatus are 
Shown in Fig. 2 . 11 

5. Surface Resistivity, 

The specimen shall be conditioned in accordance with 
Cteuse 1 (a) before the surface resistivity test is carried 

Me^uremWs sliail be made at various temperatures, 
including the maximum tomperaturo at which the 
material xs to be .studied. 

^specimen and electrodes shall Im exposed to the 

whilst the test tcmpcniturtt j 

wmist the test is being carried out. i 

test SoTinFrf? ' 

nicasured at the end 
at a potential difference of 500 V. The 


tion Kef. l )ir«;tions for Petermining tlie lU<-i:iric. 

Mrciiglli of Idbrtnis insulating Materials, for IH to 
i.4 hours prior to tlu! measurement of ilie hdcrnal 
ri-sislams^ atul in the case of tests at room lempciatnre 
whilst the test i.s being tsirried out. 

Two liolcs r» mm diameter shall be drilled to a depth 
eijual to two-thirds of the tlucknwis of Ihc board, riie 


3I£" / 


3 ' psreithi -—>1 


Wto /" • 


I 




Flo. 4. -Sju-ciimrii fur 'JViisilt! SlivugHi and KxU*n;4nn uu 
Hoardn. • 

distance between the cenlrcs of the holes shall be 
lf> inni. Ibe holes shall be filled with mercury, ami 
the resistance between them shall be measimsl at the 
end of each minute over a period of ten minutes’ clec- 
trilication ut a potential difference of 500 volts. 

The resistance .shall be cxpresscrl in megohms, and a 
curve sliull be plotted showing the relationship betw«*cn 
resistance and time. 
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Table 1. 


In reportilig the results of the tests the thickness of 
'the specimen shall be stated. 

7. Tensile Strength and Extension. 

The specimens shall Ibe conditioned in accordance 
with Clause 1 (Z?) before the tests for tensile strength 
and extension are carried out. 

-- The form of the specimen shalTbe as follows:— 

(a) Boards, in accordance with Fig. 4. 

(b) Tubes, in accordance with Fig. 5 (which also 

depicts a suitable form of grip for holding the 
tube in the testing macMne). 
r The extension shall be measured on a 3-inch gauge 
length. ** 

In all cases tlie specimens shall be tested to ascertain 
thft ultimate tensile strength. The load shall be increased 
steadily at such a rate that the specimen brealcs in 


Temperature of Specimen in Tensile Strength and 
Extension Tests. 


Material 

Limits of 
Temperature, ® C. 

Class ot Oil 

Class I, Grades A 
and B 

Class II, Grade A.. 
Class II, Grade B., 

90 to 9^ 

90 to 96 

66 1:0 JO 

1 B.S.S. No. 148 
4- for light grade 
,J oh 

Class I, Grade C .. 

14§ to 150 

Mineral oil, closed 
flash point not 
less than 250® ‘C, 




2 " 


2 %'" 3 " 



4 Equally spaced holes to be 
' die, drill 
deep. 



Section on A B. 


'^F/td'dia.A 

\ — IWdia .—I 
- 2'/i"dia. - 

Fig. 6.-Form of Grip for holding Tube in Testing Machine for Tensile Strength and Extension Tests. 


approximately two minutes from the time of the 
application of the load. 

The ultimate tensile strength shall be expressed in 
lb. per sq. in. 

The test shah be carried out under the foUowine 
conditions;— ° 

(i) At a temperature from 15® C. to 26® C. 

(ii) At the appropriate temperature given in Table 1, 

after the specimen has been immersed in the 
oil specified in Table 1, at the high temperature 
for 24 hours. 


8. Compression Strength. 

(Not to be applied to Class II, Grade B, material.) 

(a) Boards. 

The compression test shah be carried out at the 
appropriate temperature given in Table 2, after the 
specimen has been immersed in the oil specified in 
Table 2 at the high temperature for 24 hours. 

The dimensions of the specimen shah be 1 inch cube, 
the specimen being built up with several layers of the 
material when necessary. The layers of the material 
shah be bedded together by the application of an initial 
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Temperature of Sped nit'n in i'tnnl^resiitoit fest. 


Material 


Class I, (iratlos A 
and B ^ * 

Class Jl, c;rade A 

• 

Class 1, (.^rude C .. j 


I.ifiiil'* 

'IVllIpCMlUle, ’•'C. 


00 to 05 
!»tt i<> «*> 


‘ Oil 


] Ji.S.S. N„. .I4S 
,*• for IjkIiI. i-ni.lf 

J oil 


I4r< t <4 ir»() WiiKtral oil, clost-d 
• llasli piritit not 

• Jess tlian asO ' C. 


load of 300 Jh. per sq. in. The lirst nieasureiiienl 
of the length of the specimen shall he taken under 
tliis load, which shall he inchided in Ihe loatl registered 
in each case. * 

The load shall be applied in incn^menls of 1 500 Ib, 
per sq. in., each of which shall la* maintained fcir one 
minute, and the yield of the specimen .shall he measured 
at the end of each period. 

The test shall be contiiineil until tiu! speciinen has 
yielded 10 per cent of its original length when ineasure<l 
as stated above, or when the load has reache.! about 
u tons per sq. in. 

u-5..---^ 


Studs' 


(/d J nfu's, 

The form of the sprs imen shall he a lul)e. the thick¬ 
ness of the wall lieiiig not le.ss tliaii i inch, and llie 
engtli ecpial to (he exlermd .diameler f)f the tube. 
I lie end hices <1 the .specimen shall l>e Irulv iilaiie, 
.sqiiare and j>aral|.-|. 

.-kn initial load ol ,3(1(1 lh. ja-r s<|. in.. co((iput(!il on 
the ci-oss-sectional anxi of the malerial, shall hi‘applie.!,* 
amt the (irsl (neasiiremenl of the length of llie siwainien 
shal he taken under this load, which shall In: included 
m the load regislere<l in eacli case? 

1 lie specimen sliall Ve heated juior to lest and tested 
its .specilieil in (u) alH)ve, 

(c) (.[v/iiii/irs. 

The form of llie specimen shall he a cvliiider not le.su 
tnaii H inches inlc*nial diainctor. 

The length of the cylinder shall be e(|ual to tlie iiilcrnal 
diamcler and the thirUncss of the wall .shall he equal 
to 1/mth of the internal diameter. 

llie specimiui shall he heatc'd prior to test anil tested 
as .s[)ecifjed in {h) above. 

fh SuiC.^KI.Nt; SlKKNifTiI OK iiOAUDS, 
llie speciiutm shall Ik* conditioned tn Jicc»rdame 
w(th ( .Iau.se I (/,) before the .shearing lest is carried out. 
iMatenals up to and including J inch (3-2 mtn) tliick 

H .“*— 3 / 2 "- 




-Zk -—-d 




2 Holes i^^OrW k 

—.j. 

Ho/es\' 

, tn nuTtaer 


VoL. 62. 



Fio. rt. -F»irin .»f Jig for the Shear Test on Uo.n tis, 


12 
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shaD tested to ascertain the force required to punch 
a hole J inch in diameter. 

The load shall be applied steadily, and shall be in¬ 
creased at a rate of approximately 100 lb. per minute 
for each 1/32 inch thickness of specimen. 

The clearance between the punch and the hole shall 


Fig. 7,—Form of Test for Stiffness or Rigidity. 

r 

be negligible, as obtained by trimming the punch with 
the die. 

/’The force required to punch the hole shall be expressed 
in lb. per sq. in.* 

Materials above inch (3*2 mm) thick shfill be 
tested as follows :— 


A load^shall be applied centrally on the .^specimen 
and increased until failure occurs. The load required 
to cause failure an^ the nature of the fracture shall 
be stated. 

{b) Tidhes. 

A specimen of tube shah be cut of length'^equal to 
the external diameter, and shall be subjected to a 
crushing load perpendicular to th^ pcis of the tube. 
The load required to cause failure and the nature of 
the fracture shall be stated. o 

' 11. Stiffness or Rigidity. 

The specimen shall be ccTnditioned in accordance 
with Clause 1 (6) before the stiffness test is carried out. 

[a) Boards, 

Materials shall be tested for stiffness or rigidity by 
the cantilever method as follows:— 

The form and arrangement of the test shall be in 
accordance with Figs. 7 and 8. ^ 






A specimen, the dimensions of which shall be 6 inches 
(127 mm) long and 2J inches (64 mm) wide, shall be 
damped in a shear testing jig, so that both ends of 
the specimen are sheared off simultaneously. The 
pressure required to prqduce shear, computed on the 
total area of the sections sheared, shall be expressed 
in lb. per sq. in. 

A suitable form of jig for the shear test is shown 
in Fig. 6. 

10. Cohesion between Layers (Splitting Test). 

The specimen shall be conditioned in accordance 
with Clause (b) before the test for cohesion between 
layers is carried out. 

[a) Boards, 

A specimen 1 inch wide and of a length equal to 
four times the thickness of the material, plus ^ inch, 
shall be supported on vee-blocks spaced apart at a 
distance equal to four times the thickness of the material 
under test. • 

* In a future edition of this Specification it is probable that the shear 
stress will be substituted for the pressure required to punch the bole. 


The Specimen shall be firmly hxed in clamps and 
the stirrup and scale pan placed m position ai shown 
in Fig. 8. A measurement shall be made of tjae un¬ 
supported end below datum as follows:— 

An inside micrometer shall be clamped above the 
stirrup. The electric circuit shall be as shown in 
Fig. 8. The micrometer screw shall be turned until 
the circuit is closed (as indicated by tho voltmeter), 
and the micrometer reading shall then be taken. 

Small equal increments of load shall be applied and 
the corresponding increments in’ deflection measured 
immediately. Each increment of load shall be applied 
as soon as the deflection for the previous load incre¬ 
ment has been read. Readings shall only be taken 
for the range during which the increment of load is 
proportional to the increment of deflection. 

The dimensions of the specimen shall be as follows :— 
For specimens not exceeding 1/6 inch thick: 

Cantilever length = 2 inches 
Breadth' = f inch 

The increments of dcjiection shall not exceed 
'0‘010 inch. 
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For specimens exceeding 1/16 inch thick the canti¬ 
lever length shall be from 3 inches to 9 inches according 
to the stiffness of the material. 

The breadth of the sp:ecimen shall be one-fifth of the 
cantilever length. 

The increment of deflection shall not exceed 
p-015 inch. 

Young's Modulus E shall be computed from the 
following formula:— 

bd?y 

where W = average increment of load, lb., 

I = caht'dever length, inches, 
b = breadth of specimen, inches, 
d = thickness of specimen, inches, 
y = average increment of deflection, inches. 

When the final increment of deflection lias been 
measured as described above, the load shajl not be 
removed. The increment of deflection shall be re¬ 
measured after 1 minute, 10 minutes, 1 hour and 
18 hours respectively. 

After the 18-hour test has been completed, tests at 
loads of 0*66 and 1*5 times, respectively, the value 
of thedoad employed in the 18-hour test shall be 
applied to the specimen, and the increments of deflec¬ 
tion shall be re-measured as before in the prolonged 
test. 

Note. —A suitable form of knife-edge balance for 
use in the cantilever test is shown in Fig. 9. 

(6) Tubes, 

A tube 3 inches long, 2 inches internal diameter and 
inches external diameter shall be set up in a com¬ 
pression testing machine as shown in Fig. 10. 

The load shall be applied to the top of the specimen 
and midway between the ends, by means of a wedge- 
shaped plunger not less than 2|- inches wide, the bottom 
edge of which is rounded to a radius of -I inch. The 
angle of the wedge shall be approximately 46 degrees, 
and its axis shall be at right angles to the axis of the 
tube as shown in Fig. 10. The load shall be increased 
by steps, and sufficient readings of the load and travel 
of the plunger taken up to the load at which 
failure occurs to enable a stress-strain curve to be 
plotted. 

12. Shrinking, Warping and Swelling. 

The following tests shall be conducted after the 
specimens have been exposed for 18 to 24 hours to the 

normal ” condition as defined in Technical Publication 
Ref. A/S2, Directions for Determining the Electric 
Strength of' Fibrous Insulating Materials. 

(a) Shrinkage. 

(i) Test in Air. 

In the case of boards, the test for shrinkage shall be 
carried out. on a specimen about 4 inches square. 

The length and width- respectively of the specimen 
shall be measured at ten points equally spaced along 
each of two edges at right angles. The thickness of 
the specimen shall be the mean of ten measurements 


of thickness taken at points equally spaced around the 
edges. The measurements shall be made by means of 
a micrometer or other ^suitable method. ^ 

In the case of tubes, the test for shrinkage shall be 
carried out on a specimen the length of which shall be 
not less than three times tke external diameter. 

The internal and external diameters of the specimen 
shall be measured in two directions at right angles. The 
measurements shall be made b^Tmeans of a micrometer 
or other suitable method. e 

The specimen shall be dried for 48 hours by heating 
uniformly in an oven at ?:he^ appfopriate temperature 
given in Table 3, and ;the dimensions shall then be 

Table 3. 


Temperature of Specimen in Shrinkage Test in Air. 


Material 

Limits of Temperature, 

Class I, Grades A and B .. 

T05 to 110 

Class I, Grade C 

160 to 165 

Class II, Grade A. 

105 to 110 

Class II, Grade B .. 

80 to 85 


measured at the fsame points as before at atmospheric 
temperature. 

Comparison shall be made between the mean values 
of the dimensions before and after The heat treatment, 
and the percentage difference, computed on the original 
mean waliftis respectively, shall be stated, the original 
mean, values being given. 

(ii) Test in Oil [not tv applied to Class IIy Gfade B 
Material). 

In the case of boards, the diameters of a ring approxi¬ 
mately 4 inches internal diameter and 6 inches external 
diameter shall be measured longitudinally and trans¬ 
versely. The ring shall be immersed in the oil speciAed 
in Table 4 for 120 hours at the appropriate temperature 

Table 4. 


Temperature of Specimen in Shrinkage Test in Oil. 


Material 

• 

Limits of 

Temperature, ® C. ! 

Class of Oil 

Class I, Grades A 

115 to 120 

■] B.S.S. No. 148 

and B 


tor light 'grade 

Class II, Grade A 

115 to 120 

J oil 

Class I, Grade C .. 

170 to 175 

Mineral oil, closed 



flash - point not 



less than 250° C. 


“given in Table 4. The diameters shall then be measured 
again as before at atmospheric temperature. Com¬ 
parison shall be made between the values of the 
diameters before and after the immersion in oil, and 
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the percentage differences computed on the original 
values shall be stated. * 

In the case of tubes, the internal and external 
diameters of a specimen, the lehgA of which shall be 
not less than three times the external diameter, shall 
be measured in two directions at right angles. The 
tube shall be heated in oil as specified above, and the 
diameters shall then be measured again at tlie same 
points as before mf atmospheric temperature. 

Comparison shall be made between the mean values 
of the internal ai?d external diameters respectively 
before and after the immefsion in oil, and the per¬ 
centage differences com^ted on the original mean 
values shall be stated, the ordinal mean values being 
given. 

(6) Warping. 

Warping shall be determined by the following 
method:— 


feed and lubricant, if any, to be eniploytMbin cfirr\ ijjg 
out the machining tests. 

14. Freedom from Chemical HEAcrruNr. 

% 

The chemical tests shall be carried out on the inalerial 
as received without conditioning. 

The material shall^be tested* for the pre.seiicc of the 
following:— 

Ammoiiih. (Does not apply to Class II matt^rial.) 

Phenol. (Does not appl}'^ to da.ss 11 iunt<»rial.) 

Free Mineral Acids, 

Organic Acids, (Does not apply to Clas-s 1 material.) 

Alkalis. * 

Lime. 

Chlorides. 

The tests shall be carried out as follows :— 

(a) Free Ammonia. 


(i) Boards. 

A speciroerf 6 inches square shall be dried for 
48 hours at the appropriate temperature given in 
Table 3. It shall then be placed on a flat surface not 
less than 7 inches square, and a flat metal plate 6 inches 
square shall be placed on the specimen, so that the 
edges of the plate and the specimen coincide.’ The 
weight of the upper plate shall not exceed 8 ounces. 
The distances between the four comers of the under 
surface of the upper plate and the corresponding points 
on the upper surface of the lower plate shall be measured. 
The sum of the four readings shall be compared with 
four times the original mean thickness of tlie specimen 
before drying, an^ the percentage increase cemp-ated on 
four times the original thickness shall be stated. • 

(ii) Ttipes. * • 

straight tube, the length of which shall be 24 
times the internal diameter, shall be dried for 48 hours 
at the appropriate temperature given in Table 3. The 
tiQ)e shall then be tested by means of a straight-edge 
or other suitable method, and the maximum deviation 
from straightness shah be stated, the internal and 
external diameters of the tube being g^ven. I 


13. Machining Properties. 

The specimen shah be conditioned in accordance with 
Cl^e 1 {b) before the machining tests are carried out. 

The machining properties of the material shah be 
determmed by turning, mihing, drilUng, counter- 
sm^g and pixnching specimens. The effect on the 
cracking, spHtting or chipping 

BoMds shall be tested by being tapped with a 
No. 0 B.A. tap. Tubes shall be tested by being 
wewed, externally and internally, with 11 BSW 
ttoeads per inch, cut with a tool by an operator 
m working with this class of material. 

material with respect to cracking, 
chipping shall be stated, ® 

asS'^rrS! of tte material should be 

asked to state the cuttmg speed, depth of cut, rate of 


Two grammes of the material arc pulperl witli 
200 cm^ of distilled water free from ainniouia and 
boiled for a short time under reflux condensation. The 
filtrate is distilled until 100 cm^ have e<niie over, and 
the distillate is made up to 250 env^ \'aryin« aHf|iio(. 
amounts from 5 cm^ to 100 env* arc tested with Nessler’s 
reagent until a suitable coloration i.s foiuid. ' 'I'his is 
then matched by means of standard unimoniniii clil<»rifle 
solution by the usual colorimetric rnelliod as eniploycil 
in water analysis. 

(6) Combined Ammonia. 

The distillation residue from the above deternurmtion 
is made up to 200 cni^ with water free front anmionia. 
A little caustic soda is added, and the processes of 
distillation and Nesslcrizaiion arc repeated as ab<i^•e. 

(c) Phenol. 

Ten grammes of material are pulped with 200 cin^ 
of water, and the whole mi.xture distilled until abotii 
100 cm® have come over. 

To the distillate so much dilute iodine .soliiiuni is 
added as is needed just to give a faint coloration 
mth starcli-pastc. Phenol is tlien dettirinini*<l bv the 
Koppeschaar method, i.e. sodium broinalc .solution ami 
acid are added, and after trihromophcnol has sc?paraled 
out, the unused bromine is titrated back with KJ and 
thiosulphate. 


(d) Acids or Alkalies. 

Ten grammes of the material arc pulped with 20t> cm^ 
of distilled water and gently boiled for oitef hour. 
The cooled liquid is filtered perfectly clear l.y the ui.l 
of a pump. 1 he filtrate is tested with pliciyilphlhiUwn. { 

solution except by the inTOrdo*t?maiw^ 

found reliable. " “ titrated is not cotoured, methyl oraiiBc has Wn 
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If acid, it is titrated with caustic soda; if alkaline, 
N * 

with hydrochloric acid. Should the filtrate be 

very dark, alkali blue 6B may be used as indicator. 
If alkali blue 6B is not available, and phenolphthalein is 
tised, the solution must be suitjibly diluted with a 
Tieutrali^ed diluent, or alcoholic or ethereal extracts must 
be employed. When a large amount ol free acid or 
alkali t is found, it is advisable to boil the residue 
with fresh water, titrate again, and repeat as requisite. 

The acidity or alkalinity shall be expressed as— 

Equivalent to — per cent of SO3,” or 
'' Equivalent to — per cent of NaOH.*^ 

-(e) Organic Acids. 

Ten grammes of the conditioned sample shall be 
extracted to exhaustion with 100 cm^ of methylated 
spirit in a soxhlet apparatus. The alcoholic extract 
thus obtained shall be cooled, and to it shall be added 
50 cmS of benzene and a considerable excess of N/2 
sodium hydroxide (e.g. 60 cm^); the mixture shall 
be well shaken for about five minutes, and then the 
excess of alkali back titrated with N/2 H2SO4 and 
phenolpjithalein. 

(/) Lime and Chlorides. 

The lime and chlorides shall be determined by the 
usual, laboratory methods from the ash after the 
incineration of the material. 

15. Effects of Acid and Alkali. 

The tests for the effect of acid and allcali shah be 
carried out on the material as received without con¬ 
ditioning. 

Specimens, the dimensions of which shall be similar to 
those specified in Clause 10, shall be immersed in the 
following reagents:— 

{a) A sulphuric acid solution, specific gravity 1'25, 
for 24 hours at a temperature of 40® C, 

(&) A 6 per cent solution of caustic soda, for 24 hours 
at a temperature of 100® C. (Not to be applied 
to Class II material.) 

{c) A 10 per cent solution of common salt, for 24 hours 
at a temperature of 100® C. 

After removal from the reagents, the spedmens shall 
be tested for cohesion between layers in accordance 
with Clause 10, and their condition with respect to 
disintegration, blistering, warping, splitting or other 
deterioration shall be stated. 

16. Effect of Oil. 

(Not to be applied to Class II, Grade B, material.) 

The specimen shall be conditioned in accordance 
with Clause 1 (5) before the effect of oil is determined. 

A specimen shall be immersed in the oil specified in 

'• When a large amount of acid or alkali is present solution may 
be Used. 

t It has been found that alkali is sometimes difficult to remove from 
pulp. ^ It IS. recommended that if on testing after one hour’s boiling 
’a&alihiiy is indicated, the pulp should be re-boiled with another 500 cm’ 
of distilled >yater, and further ooilings given if consid^c^ necessary. 


Table 4 for seven days continuously at the appropriate 
temperature given in Table 4. At the end of this 
period the condition of the specimen with respect to 
disintegration, warding, splitting, blistering, softening 
or other deterioration shall be stated. 


17. Effect of Prolonged Heating at High 
Temperature. 

(Not to be applied to Class if material.) 

The specimen shall be conditioned in accordance 
with Clause 1 ip) before the effect «of prolonged heating 
at high temperature is determined. 

A specimen shall be fieated at the appropriate tem¬ 
perature given in Table 6 for seven d&ys continuously 


Table 5. 

Temperature of Specimens in Pralonged Heating at 
High Temperature Test. 


Material 


Limits of 
Temperature, "C. 


Class I, Grades A and B .. .. 160 to 166 

Class I, Grade C... 200 to 206 


in air, and anotfier specimen shall be heated at the 
same temperature for seven days continuously in 
mineral oil having a closed flash-point not less than 
260® C. After the heat treatment, the condition of 
the specimens with respect to disintegration, warping, 
split^g, blistering, softening or other deterioration 
shall*be stated, 

18. Water Absorption. 

The specimen shall be conditioned in accordance 
with Clause 1 (6) before the test for water absorption 
is carried out. 

A sample of board inches square, or ra tube 
1-J- inches long, shall be weighed. The board specimen 
shall have the four edges, and the tube specimen the 
two ends, freshly cut before being used for the test. 
The specimen shall then be immersed in water at a 
temperature from 15® C. to 26® C. After 24 hours* 
immersion it shall be taken from the water, and, after 
removing tjie surface moisture by wiping, weighed 
again. 

The specimen shall then be replaced in the water, 
and after six days* immersion re-weighed with the aame 
precautions as before. The weight shall be taken to 
the nearest milligramme in each case. 

The percentage absorption of water in each case shall 
be cpmputed on the original weight of the specimen, 
■and the orginal dimensions of the specimen shall be 
stated. 

When it is desired to distinguish between the absorp¬ 
tion in the longitudinal, transverse and perpendicular 
directions respectively, the appropriate suHaces of the 
specimen shall be coated with a waterproof varnish 
before the test for water absorption is carried out. 


VARNISH-PAPER AND VARNISH-FABRIC BOARDS AND TUBES 


171 


SCHEDULE. 


Service Conditions*’* . 


Electric 

Stress* 

Frequency 

Mechanical 

Stress 

Temperature 

( 1 ) Low 
Low 

(2) Low 
Low 
Low 

Power 

Poiver 

Power 

Pow8r 

Powey 

Low 
• Low 
Low 
Low 
Low 

• 

Low 

Low 

High 

High 

High 

( 3 ) Low 
• Low 
Low 

Power 

Power 

Power 

• 

High 

High 

High 

High 

High 

High 

( 4 ) High 

Power 

High 

High 

High 

High 

• 

Power 

Power 

High 
' High 

High 

High 

(6) Low 

Radio 

Low 

Low 

Low 
(6) High 

Radio 

Radio 

Low 

High 

Low ] 

^High 1 

High* 

High 

• 

Radio 

Radio 

High 
High 1 

High I 

High^ ^I 


Conditioning of Sjwcinieu 
for Test 


Normal (Clause 1 («)) 
Dry (Clause 1 (i)) 
Normal (Clause 1 («)) 
Dry (Clause 1 (b)) 
Dry (Clause 1 (6)) 


Normal (Clause 1 («)) 
Dry (Clause 1 {b)) 
Dry (Clause 1 (b)) 


I Normal (Clause 1 («)) 

Dry (Clause 1 (6)) 
Dry (Clause 1 (6)) 


Normal (Clause 1 («)) 


Test lecoiuinended h detetmiae the Suitabilitr 
of the Material ^ 


Damp (Clause 1 («)) 
Tropical (Clause 1 (a)) 
Dry (Clause 1 (6)) 
’Normal (Clause 1 («)) 
Dry (Clause 1 (6)) 
Dry (Clause 1 (b)) 
'Normal (Clause 1 (a)) 
Dry (Clause 1 (b)) 
Dry (Clause 1 (b)) 
'Normal (Clause 1 (a)) 
Dry (Clause 1 (6)) 
^Dry (Clause 1 (6)) 

{ Normal (Clause 1 (a)) 
Normal(Clause 1 («)) 
Normal (Clause 1 (a)) 
Dry (Clause 1 (6)) 
("Normal (Clause 1 («)) 

J Normal (Clause 1 («)) 

I Normal (Clause 1 (a)) 
LDry (Clause 1 (b)) 

* Typical atamples of the use of material under these conditions are as follows 

• boards for ass under oil. 

on rotating fields of alternators, 

(6) Insulatuig parts of wireless receiving apparatus. 


For use in a very damp atmosphere 

VWhen subjected to considerable tensile stress 

When subjected to considerable compression 
stress 

Wlien subjected to considerable shearing 
stress « 

When high resistivity is required 

« 

When high surface resistivity is required ., 


Electrid* strength 
Machining properties 
Electric strength 
Machining properties •» 

Effect of prolonged heating at high tem¬ 
perature, followed by test for cohesion 
between layers * 

Electric strength ^ 

Machining properties 

Effect of prolonged heating at high tempera¬ 
ture, followed by test for cohesion between 
layers, in which transverse modulus of 
elasticity should be determined* 

Eltetric strength, with special reference to 
its value at high temperature 
Machining properties 

Effect of prolonged heating at high tempera¬ 
ture, followed by test for cohesion between 
layers, in which the transverse modulus 
I of elasticity should be determined 
Power factor and permittivity at radio 
I frequencies 
Machining properties 

Power factor and permittivity at radio 
frequencies 

Machining properties ‘ . 

Effect of prolonged heating at high tempera¬ 
ture, foUowed by test for cohesion between 
layera, in which the transverse modulus of 
elasticity should be determined 
Electric strength 
Electric strength 
Water absorption 
Electric s^ength 
Tensile strength and extension 
Machining properties 
Electric strength 
Compression strength 
Machining properjjies 
Electric strength 
Shearing strength 
Machining properties 
Resistivity 
Internal resistance 
Electric strength 
Machining prpperties 
Surface resistivity 
Internal resistance 
Electric strength 
Machining properties 


(?! Insulating parts of resistances for use on low pressure cfrmifc 
(6) Insulating parts of wireless transmitting apparatus. 
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r 10. Determination of*’Density. 

The specimen shall be conditioned in accordance 
with Qause 1 (6) before the density is determined. 

The density, expressed in grammes per cm^, shall be 
ascertained by weighing and measuring a sample of 
board Ij inches square or a tube Ij inches long. 

'' 20. Power Factor and Permittivity at Radio 
Frequencies. 

Methods of test citable for S 3 mthetic resin varnish- 
paper (fabric) boards are being developed by the 
Association. 

9 

* ?1. Softening Point. 

The specimen shall be conditioned in accordance 
with Clause 1 {b) before the softening point is deter¬ 
mined. 

(а) Boards. 

The softening point of the material shall be deter¬ 
mined on a specimen of dimensions similar to those 
of the specimen employed in the Stiffness Test, 
Clause 11 {a). The specimen shall be set up for test 
in a manner similar to that described in Clause 11 (a). 

A load equal to half the value of the load employed 
in the 18-hour test in Clause 11 (a) shall then be 
applied. The apparatus shall be arranged in a suitable 
heated chamber, the temperature of which shall be 
gradually increased at the rate of 10® C. per hour until 
the specimen fails completely. The initial temperature 
shall be as follows :— 

(i) For Class I materials, 100® C. 

(ii) For Class II materials, 60® C. 

The deflection at each 6® C. increment of temperature 
shall be noted, and complete failure shall be deemed 
to have occurred when the rate of deflection of the 
specimen is seen to increase rapidly without appreciable 
increase of temperature. 

(б) Tubes. 

The softening point of the material shall be deter¬ 
mined on a specimen of dimensions similar to those 


r 

of the specimen employed in the Stiffness Test, 
Clause 11 (i>). The specimen shall be set up for test 
in a manner similar to that described in Clause 11 (h). 

A load equal to Ealffthe value of the load at which 
failure occurs in Clause 11 (6) shall be applied. The 
test shall then be carried put in the same manner as 
described in (a) above. 

22. Effect of Vibration afTo Impact. 

Note. —Methods of test are under consideration. 

23. Effect of EIectric Arc. 

The specimen shall be conditioned in accordance 
with Clause 1 (b) before the test for the effect of electric 
arc is carried out. 

. The specimen shall consist of two strips of the 
material 6 inches long and 2 inches wide, which shall 
be clamped together with a piece of O • 036 inch diameter 
copper wire between them, laid centrally along their 
length. 

The copper wire shall be fused by bbing connected 
across a 500-volt D.C. circuit in which there is a total 
non-inductive resistance of such a value as to liihit the 
current to 100 amperes. The fuse may be short cir¬ 
cuited by a switch whilst the current is being adjusted. 

The test shall be repeated at intervals of two minutes 
until the carbonized surface of the material acts as a 
conductor and th»e arc does not extinguish itself. The 
number of times the copper wire can be fused before this 
state is reached «ahd the condition of the surface of the 
material shall be stated. 

Note. —^This material is not of an aro-resisting 
characier, «.nd should not be used \p. service in such 
a manner that it will under normal conditions be exposed 
to an arc or flame. 

w * 

Schedule. 

When it is desired to study the materials covered 
by this Specification for specific purposes, and it is 
obviously unnecessary to apply the whole of the te^jts 
described in Section IT, the abridged series l)f tests 
outlined in the Schedule on page 171 should be applied. 
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experience tli.it ronsi.ler- 
.^ble differences exist in the electrical and luechanical 
properties dt varnished cotton cloth siipyliwl l» (..h-e- 
Vical manufacturers from (liffereiit sources. IJiiherlo 
It has been too coimnonly the jiraciice to coiiipare 
varnished cloth In- a crude te.st f,,; 
It I- ‘'"."‘^1 ^ «*'-enKth test. 

the relntivi* moans detennine 

toe relative merits of different .samples with re.sms-t 

SiiisnLSr 7 electrical mach nSry 

Si ‘=«»’P™l>«isive study of 

■cloths with a^v' propertie.s of varnished 

uslra o 7 -^^fflJ ^ adoption by makers and 
• uniform methods of test, and ensurimr that 

nditions may bo thoroughly investigatefi. 
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The ahiliiy of varnished doth to ^vilhsland a rela-^ 
lively liigli alterimliiig electric .stress tor a prolonevd 
period witlioiit l.reakdowii is of imporlauce, but 

eieciric streiiRtU tests, .ns fre«|ueutly earried out, ure of 
little value tovvanis .securing I Ids result, .Appropriate 
tests will lie fouiul referred fn in Clauses 10 and II. 

Tlds S|H*cification is not iideiided for use as a pur- 
cha.siug specification, but it is issued in the belief that 
it will lead to such impidveiueiits that all varni.shed 
cloth supplksl to the electrical iiiduslry will be at 
loiist lupial to tbe best now obtainable, aiul that tliere 
will be in time cmisid(‘rabl<! furtlier iinprovemenl. 

AVilh further <r.sperieiu;e in the u.se of the methods 
of test sugf-csted herein, and aft<T lliev have come 
mil) f-eiieral use. the AsscHuatiou will be in a'posilion 
to make recommendations to the Mritisli luiKineerinK 
Standards As.soc,ialion for the issue of a ihirc.liasiiiL' 
Siweiliealion for Varnished Collou flolU. 

Jhe Director of the will value conimenls 

and criticism from those who have occasion to use 
any of the tests given in this Spec!(kation. 


yarn 


I. DKf'lNITKtNS. 

denotes the spun witton (see 


' fabric" ihauiles the woven yarn (see 


(«) V<o'«. 

The term 
(.'laiise 2 ). 

(1)} i'tthrir. 

The term 
(Clause ,’ 1 ). 

(c) Varnish. 

The term " varnish " denotes any substance. use<l 
alone or dissolveil in a suilalfle .solvent, that yields an 
insulaliug film when applierl to tlie fabric. 

{tt) IhuHmthhcd, 

'I'lie term " unv.'iniisbed " denotes that the fabric 
lias iu)t Ixfen varnishwl or impregnated with insulating 
compotiiids, but emliraces material which Jins In-en 
subjected to preparatory Ireatnieiits simh as tlio.se 
refen-ed to in Clau.se •!■. 

(r) Varnished. 

The term " varnished " denotes fabric that has I»eeu 
varnislicd or impregnated with insniating compounds, 

(/) Varnished Claik. 

Tile term "varnished cloth" denotes the lini.shed 
material suitable for n,se as a dielectric. 
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DIRECTIONS FOR THE STUDY OF 


il. PfePARATION OF TTHE FABRIC 
BEFORE VARNISHING. 

1. General. 

The relative merits ^of various classes of cotton, 
various methods of spinning and weaving, and various 
treatments in manufacture" before varnishing should 
be studied with respect to the ^ectrical and mech¬ 
anical properties and uniformity of the finished cloth. 

2. Classification of Cotton. 

The following classes of cotton s^iould be investigated : 

(а) Sea Island. 

(б) Egyptian. 

(c) American. 

(d) Indian. 

3. Spinning and Weaving. 

The effect of the following should be ascertained:— 

{a) Count of yarn. 

(6) Twist of yam. 

(c) Type of weave. 

{d) Closeness of weave, 

4.^ Processes of Treatment during the 
Preparation of the Fabric. 

The effect of the following processes should be 
ascertained:— 

{a) Sizing. 

(6) Bleaching. 

(c) Parchmentising. 

(d) Mercerising. 

(e) Singeing. 

(/) Dressing (nature and amount). 

(g) Calendering. 

5. Physical Tests on the Fabric before 
Varnishing. 

Note.— ^The tests to be carried out on the fabric 
before varnishing will be given in another document. 

in. VARNISH TREATMENT. 

Classes of Varnish. 

The relative merits of the following classes of varnish 
require investigation:— 

(а) Oil, linseed or other drying oils. 

(б) Oil and resin or gum resins. 

(c) Shellac or other natural gums. 

(d) Bituminous or asphaltic, including natural and 

artificial asphalt and pitches. 

(e) Synthetic resins, of which phenol and formaldehyde 

condensation products are t37pical. 

7. Method of Varnishing. 

Note.— Instructions on the method to be employed 
in varnishing the fabric are under consideration, 

nr, METHODS OF TEST. 

When reporting the results of any test the thickness 
of the material, with the varnish removed, and the 


count of y^n, and number of tlireads per inch of warp 
and weft shall be stated. 

8. Maturing of Varnished Cloth. 

The varnished cloth shall be stored in a dry cool 
room, not artificially conditioned, for at le^fst three 
months before the tests specified below are carried out. 

9. Conditioning of Speotmen^'for Test. 

The varnislied cloth shall be conditioned as describect 
below. 

{a) ** Normal ** Conditipn. 

This is obtained by permitting the material to absorb 
its normal quantity of moisture by exposing it to an 
atmosphere of 76 per cent relative humidity at a 
temperature from 16° C. to 26° C. for 18 to 24 hours.. 

Note.— ^The specified relative humidity may be 
obtained by the use of a solution of sulphuric acid in 
water, specific gravity 1*223. 

( 6 ) **Dry** Condition, 

Tliis is obtained by removing from tlie material as 
much as possible of its free natural moisture, by heat¬ 
ing it at a temperature from 75° C. to 80° C. for two- 
to three hours. 

(c) ” Damp** CmdUion, 

This is obtained by exposing the material to an 
atmosphere of ^ot less than 95 per cent relative- 
humidity at a temperature from 15° C. to,25°C. for 
18 to 24 hours. 

• • ^ 

Tropical** Condition (for use %hen required), 

Hus is obtained by exposing the material to an 
atmosphere of not leSs than 90 per cent^ refiitive* 
humidity at a temperature from 46° C. to 50° C. ^pr 
18 to 24 hoiuB. 

(e) Recovered** Condition. 

This is obtained by heating th.) material at a tesnpef*a- 
ture fi:om 75° C. to 80° C. for 18 to 24 hours and subse¬ 
quently exposing it to Normal (.:ondition as in ClSuse 9 - 
(a) for one week. 

Note (i).—If in (c) or (d) the* material is removed 
from the atmosphere of specified humidity before- 
testing, precaution must be taken to prevent appre¬ 
ciable cliange in the condition of the material from 
this cause. 

Note (ii).—^When testing the electric strength of 
the material at the high temperatures the electrodes^ 
should be raised to the high temperature Jbefore tbe- 
material is removed from the atmosphere of specified, 
humidity. 

10, Highest maintained Alternating Electric- 
Stress. 

The test shall be carried out in, accordance with. 
TecMcal Publication Ref. A/S 2 , Directions for Deter¬ 
mining the Electric Srirengtii of Fibrous Insulating; 
Materials, Appendix II. 
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The test shall be carried out after the material has 
been conditioned as specified in Clause 9 (a), (b) and 
(e) of this Specification. ^ 

Under special circumstances* the test shall also be 
carried out after the material has been conditioned as 
specified* in Clause 9 (c) an.d {d) of this Specification. 

11. Electric Strength. 

The tests shatl be ^tarried out in accordance with 
Technical Publicaiion Eef. A/S2, Directions for Deter- 
mining the Electric Strength of Eibrous Insulating 
Materials, Part II, !A.bri^gea Tests. 

The varnished cloth shall b^e tested under the states 
given in (a) and (b) below, at the temperatures 
specified in Ref. A/S2, Part II, Abridged Tests. 

(a) Test in Free State, 

The varnished cloth shall be tested in a free state 
i.e. unstressed. • ' 


Nine specimens shall be cut in such a manner as to 
be representative of the bulk of the cloth. Thnv 
specimens shall be cut in the tlirt»ctioa of the warp, 
three in the direction of tlic^ weft ami thii'c on thJ 
I bias at an angle of 45®. No two spt‘ciniens cut in tlie 
same direction shall contain the sariu! longilmlinal 
threads. 

The specimens shall be two inches widt* ipal shaft 
be placed evenly in the jaws of liar testing machine 
so that the iinstretched length of tiie v.loiU between 
the jaws is jiot le.ss than 12 inches, 'rhe loatl shall 
be applied at a uniform rate ami the tiimr talum to 
reach the breaking load from the coniineuceinent 
the application of the load shall due iniimte. If 
the specimen breaks uiie\'enlv, or in or at lhc» jaws 
due to incorrect clamping, a dni>lica(e lest .shuJl in, 
earned out on another spcchneii inclmljng the same 
threads. The maxiniuni, miniinuin and mean values 
of the three tests warp way, of tJic IhretJ test.s weft 
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Fig. 1,-Apparat«s for measoring the Bursting Strength of Varnished Cloth. 


.(h) Test under Tension, 

The varnished cloth shall be tested in strips of con 

tensS* subjected to various ^values of 

‘■anging from 0-6 to 1-6 lb per mU 
thiclm^ per inch width of strip. The load 

tarnish film when 

12. Tensile Strength 


turn following to,np.nH- 

20“ C.. 60“ C.. 00“ C. and 120“ C. 

13. Bursting Strength ani, ExrE.v.sinn.n v. 

deSSita^^Sn Se”??nkT‘*i 

Condition ^ spacfifi.:i'raaitW." " "" 

“s "4“ r"‘Su™!, 

The varnished cloth <sh'.ii k« t “ •* ‘»s louow-h. - 
cioin Stull be clamped betwetm tin* 
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Fig. 2 .—Apparatus for measuring the Tearing Strength of Varnished' Cloth. 
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rubber insertion rings fitted on top of the drum so 
as to make an airtight joint. Air shall be pumped 
into the drum at such a rate that the pressure on the 
varnished cloth diaphragm is increased gradually at 
the rate of approximately 30 lb. per minute until 
failure oewurs. 

The test for extensibility shall be carried out on 
the apparatus shown in Fig. 1 as follows :— 

The varnished «cloth#shall be clamped between the 
rubber rings as before. Air shall be pumped into the 
drum at such a rl.te that the radii of curvature of 
the varnished cloth#diaphragm can be determined by 
means of a suitable splfferometer. Sufficient readings 
shall be taken to enable a curtre to be plotted showing 
the relationship between the air pressure and the 
radius of curvature of the diaphragm, 

14. Tearing Strength, 

The tearing strength shall be determined when the 
varnished cloth is in the Normal Condition as specffied 
in Clause 9 (a). 

The tearing* strength test shall be carried out by 
means of the apparatus shown in Fig. 2 as follows:— 

The resistance to tearing shall be proved by the 
load required to tear the varnished cloth commencing 
from a hole 3/32 inch diameter punched out of the 
cloth. The position of the hole and application of 
the load shall be as shown in Fig. 2. 

The size of each separate speciman tested shall be 
6 inches square. 

{a) Three tests shall be made with* the tear in the 
direction of the warp of the cloth. This shall be 
called the "Warp Tear Test.*’ 

ip) Three tests^ shall be made with the ^ear*in the 
direction of the weft of the cloth. This shall t^e ealled 
the '^Weft Tear Test.” ^ 

The method of carrying ou^ the tearing test shall 
as follows:— 

Prepare the varnished cloth specimen as shown in 
Fig. 2. 

Swing the inverted L piece to the right. 

^lac« the specimen in position, the punched hole 
being at the edge of the L piece as indicated. 

Screw the L piece dojvn. Bend over the cut 
piece and attach grip device—^needle or clip—and 
secure to lower portion of balance. 

Rotate the winding g^ar with steady movement at 
a rate of approximately 12 inches per minute until 
the 6-inch length is tom through. (A motor drive is 
recommended.) 

Watch the balance and average the slightly varying 
values of the puU observed. 

The maximum, minimum and mean values of the 
'•warp ” and ” weft ** tearing strengths respectively 
shall be stated. 


15. Resistance of Varnish Film to Crushing. 

The resistance of the varnish film to crushing shall' 
be‘ determined when the varnished cloth is in the 
Normal Condition as specifiedi|in Clause 9 (a). 

The pressure required to damage the varnish film 
shall be ascertained by the following test, observation 
being made by visual inspection, assisted, if necessary, 
by a magnifying glass:— ^ ^ 

The varnished cloth shall be compressed between a 
smooth metal plate and adjacent ^steel balls 1/8 inch 
diameter. 

16. Ageing. 

The tendency of the varnished clqth* to deteriorate 
with age shall be determined by the change in the 
bursting strength after it has been heated at 
temperature from 90® C. to 95° C. for four weeks. 

Bursting strength tests shall be carried out as speci¬ 
fied in Clause 13 as soon as the temperature of the 
specimen has fallen to 20® C. (±6® C.), and also after 
the varnished doth has been exposed to Normal 
Condition (Clause 9 {a )) for one week, 

17. Resistance to Oil. 

The varnished doth shall be immersed iigi trans¬ 
former oil, complying with British Standard Specifica¬ 
tion No. 148 for light grade oil, at a temperature 
from 115° C. to 120® C. for seven days, and the effect 
on the varnished film shall be stated. 

18. Determination of Thickness, 

The thiclmess of the varnished cloth shall be 
measured by means of a suitable micrometer. 

Note. —In general, more reliable values of thickness 
can be obtained by measuring (say) 10 thicknesses 
and dividing the result by 10. 

The average thickness of the varnished cloth shall 
be determined as follows :— 

In the case of rolls, a test piece one foot long and 
the full width of the roll shall be „taken sufficiently 
far from the end as to be representative of the bulk 
of the cloth. Ten measurements of thickness equally 
spaced diagonally across the test piece shall be made. 

In the case of sheets, ten measurements of thickness 
equally spaced diagonally across the sheet shall be 
made. 

The maximum, minimum and mean values of tlie 
tliickness shall be stated. 

19. Determination of Density. 

The density shall be expressed in terms of weight 
in grammes per square metre. The varnished cloth 
shall be weighed in the Normal Conditioff as specified 
in Clause 9 (a). 
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DISCUSSION ON 

-THE NATURE OF THE MAGNETIC FIELD PRODUCED BY THE STATOR*OF A 

THREE-PHASE INDUCTION MOTOR.”* 


Dr. A. E. Clayton {communicated) : The nature of 
the magnetic field j^oduced by the armature windings 
of altemating-current machines is of importance, not 
merely in so far as it concerns induction niotors, but 
with alternating-current machinery generally. It is 
not surprising/tK^erefore, to find that the subject has 
attracted much attention during recent years. 

(^Nomenclature .—^The author raises the question and 
it is important—of nomenclature. . In this connection 
I have found it a great help, in dealing with all types of 
windings, to make use of the term “ coil span ** in 
cases where, apparently, the author would use * coil 
pitch.** The term ** coil pitch ** may then be reserved 
to indicate the actual displacement between successive 
coils, the term thus having a meaning corresponding 
exactly to such terms as pole pitch, rivet pitch, and 
so on. yiius, for example, in the case of a commutator 
winding as in Fig. A, instead of using the terms ** back 



pitch,** ** front pitch** and ** total pitch,** it only 
becomes necessary to use coil span ** and “ coil pitch ** 
as indicated in the figure. There is much to be said 
for this method, and as tB.e effects of coil span ** and 
coil “ pitch ** are essentially different, it is a convenience 
to denote them by different terms. For example, with 
direct-current windings the pitch, as above defined, 
determines entirely* the type of winding—simple lap, 
wave, etc. The coil span has no influence whatever 
upon the t 3 ^e of winding, but simply determines its 
suitability for any particular number of poles. This 
may be illustrated by the case of, say, a 39-slot, 4-pole, 
direct-current wave-wound armature having 117 com¬ 
mutator segments and armature coils. If the coil 
pitch, as above defined, is 58, the winding will form a 
two-circuit, simple wave winding for all values of the 
coil span, whether it be 8, 9, io or 11, etc., teeth. Inci¬ 
dentally, it may be noted that whereas it is necessary 
to express the coil pitch—or, what amounts to the same, 
the commutator pitch—in terms of the number of coils 

* Paper by Mr. F. J. Teago (see vol, 61, page 1087). 


or commutator segments, the Coil sfan is often best 
expressed as the number of teeth spanned by the coil. 
Similarly, witli alternating-current windings it is the 
displacement between successive coils in the same 
series circuit which determines the nature of the winding. 
Thus, with 12 coils equally spaced around an armature 
and connected in series so as to carry current in the 
same direction, a 24-pole arrangement is formed quite 
irrespective of the value of the span—or, for that 
matter, of the spread—of the individual coils. The 
span of the coil simply determines the effectiveness 
of the coil for the particular number of poles for wliich 
the winding is suitable. To obtain maximum effect, 
the coil span mast be an exact pole pitch, or some odd 
multiple of that amount. The term ** full-pitch coil ** 
has long been in use and, to my mind, is quite definite 
in indicating a coil which spans an exact pole pitch, 
in addition, to indicate a coil which does not span an 
exact pole pitch, the term ** fractional-pitch coil ** is 
much used; alternatively, the coil is often said to be 
** chorded.** These terms all seem to me to be good, 
as they indicate definitely the feature characteristic of 
the coil. In thf^ case of complete windings of the 
two-layer lattice type the terms “ full-pitch, winding ** 
and ** fractional-pitch winding ** can at once be applied 
without any possibility of confusion tp the cases where 
the individual coil spans an exact pole pitch 'or a 
fraction of the pole ^pii;ph, respectively. But ^witli 
single-layer windings tnere is, as pointed out by the 
author, a possibility of confusion arising from the nse 
of these terms in the case of windings of the ** half- 
coiled ** type, since the mean span of the component 
coils is then jather less than a pole pitch for tlie windings 
commonly referred to as ** full-pitch,** All difficuFcy 
can be removed if the winding is regarded as haying a 
number of phases equal tp the number of complete 
coils per pair of poles, as indeed is only logical. Thus 
a three-phase half-coiled winding is in reality a six- 
phase winding, and for the no|'mal case of a concentric 
single-layer winding, the six-phase winding is slightly 
chorded. F«r analytical purposes I have found a great 
simplification to be possible by thus treating a winding 
having N coils per pair of poles as a symmetrical 
J/-phase winding. But for normal commercial purposes 
it is naturally more convenient to regard a winding 
as having the same number of phases as the currenfs 
supplied to or by it, and it becomes necessary to consider 
the spacing of the actual conductors rather than the 
actual span of the component coils. Even in this case, 
however, I do not think that there is any difficulty in 
explaining what is meant by a full-pitch winding. A 
drawback to the use of the term ** normal distribution ** 
arises from the fact that it becomes necessary to explain 
what is meant by normal. If we regard -the arrange¬ 
ment of the conductors in a twelve-phase, or a nine- 
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phase, or a six-phase synchronous converte:^ as being 
normal, then that commonly used, for three-phase 
machines must be regarded as al^ormal. Or if the 
usual three-phase stator winding is regarded as normal, 
. then all of the other cases must be considered to be 
abnormal The term “ super distribution has, I 
think, but little to commend it, but that may be due to 
prejudice consequent upon the modern abuse of the 
word '' super." • • 

Reduction factor and chording factor .—^The author 
correctly points out^hat the breadth factors in common 
use for E.M.F. calculations •are numerically equal to 
the factors which he call? reduction factors for M.M.F., 
calculations. That being so, 1:here appears to be no 
need to call them breadth factors in the one case and 
reduction factors in the other, I fail to see why the 
author, instead of evaluating the simple and well-known 
expression (sin \n7mji)l(m sin Jn^), expresses the value 
of the coefficient as a series of cosines. When the 
number of slots per pole is large the waste of labour 
thereby caused is very considerable. With chorded 
windings it is simply necessary to introduce a chording 
factor numerically equal to the sine of half the angle 
spanned by the " coil," the angle being expressed in 
electrical measure to correspond to the particular 
harmonic under investigation. 

Harmonics in supply current. —There are one or two ^ 
minor points in the paper to which reference may be 
made. It is not quite correct to state^as on page 1087, 
that tlie harmonics are due to the windings being con¬ 
tained in slots; important higher haju^onics will be 
present wii^ surface windings. Again, in order that 
harmonics of the third order shall be absent from the 
resulting M.M.F., with a three-phase winding it^s not 
necessary lhat thS supply current shall be sinuscndal. 
These particular M.M.F. harmonics will disappear for 
all cuftent wave-shapes other than those wliich contain 
harmonics* of the third order. 

Jffatio of iron losses and magnetizing currents. _In 

comparing the performance of a particular induction 
motor as a 2-pole and as a 4-pole machine the author 
appears J:o omit one very important factor. He appears 
to neglect the effect of the armature core. As shown 
by the author, the ratio of the air-gap densities, 
4-pole^nd for 2-pole working is 

. This ratio is not in itself a complete criterion. 

It IS necessary also to consider the ratio of the actual 
total flux per pole for 4-pole and for 2-pole working. 

In spite of the reduced air-gap density, tj^e flux per 
pole with 2-pole connections will be l- S? times as 
great as for 4-pole worMng. The relative values of 
the nia^etemg^current, and of the iron losses, for the 
two mediods of connection wiU therefore depend entirelv 
upon the degree of saturation in the teeth and in the 
core, and approximations which omit the effect of the 
core are not likely to be of much value. 

Crawling.~ln connection with Section 6 of the paper 
wL? true that saturation cause incLsed 

M round oil the comers of the steps in the 

MM.F. wave. Whether this wiU cause unreduced 
nf depends mtirely upon the number 

not be o? spacing ripple harmonic.s may 

not be of orders likely to cause crawling. In the 


great majority of cases these ripple harmonics arc of 
much higher orders than would cause trouble. On the 
other hand, saturation may introduce into the field forju 
harmonics of low orders, wliich quite unimporlant in 
the unsaturated condition. For the case cited b}^ tlie 
author, the evidence quoted in the paper fails lo siqiport: 
his view that crawling on 2-pole connections is (lue to 
the reduction in the Aux density in the air-gap. I‘'or In ¬ 
states that there is no tendency to crawl witJi 4-pole 
connections at half normal voltage. Under these latter 
conditions the flux density in the' gap is much les.s 
than with 2-pole connections. With 2-poIe connections 
crawling would appear to be due to the fact tliat tluv 
seventh harmonic in the M.M.F, diaribution is far 
more pronounced than with 4-pole connections. On 
pages 1092 and 1094 the author appears to imply thn,t 
crawling may be established by the iifth harmonic in 
the M.M.F. distribution, and suggests that it nia}'^ be 
desirable to eliminate the effects of this particular 
harmonic. It does not seem to me that any teinlcncy 
to crawl will be established by the fifth harmonic, for 
the re.sulting M.M.F. due to this particular harmonic 
rotates in an opposite direction to that due to tlie 
fundamental. As a result there will be a small braidng 
action due to this harmonic, decreasing slightly as the 
motor speeds up, but it does not appear to inc that 
there will be any tendency for the fifth harmonic to 
establish a definite crawling speed. The seventh har¬ 
monic gives rise to a field rotating in the same direction 
as the fundamental, and causes a pronounced " ripplo " 
to occur in the graph representing the running-up 
torque plotted in terms of the speed. The crast of this 
ripple occurs at a speed rather less than one-seventh of 
normal synchronism, and the trough at a speed some¬ 
what higher than this amount. Normally, the speed 
at which the motor may crawl will then be .slightly in 
excess of one-seventh of synchronous speed. With 
two-phase machines, trouble may be expected from tlie 
fifth harmonic, as in this case the corresponding resulting 
field rotates in the same direction as that due to the 
fundamental. 

Mr. F, J. Teago (in reply) : 

Nomenclature ,—I quite agree with Dr. Clayton that 
it would have been better if I had used the term " coil 
span rather than " coil pitch," because, as he points 
out, coil pitch is a most approT[)riate name for what is 
usually termed " coil creep." I do not, however, agree 
that full pitch, fractional pitch, chortled, etc., are 
definite terms, for the following reason : Alterations in 
the pitch, or span as it should be called, arc made for 
very definite reasons and if such alterations fail to 
produce the desired results then the alterations in the 
span are not real. In alternating-current work, short 
spans are mainly used to eliminate hannonits. Figs. 4 
and 7 (single and twodayer windings respectively) in 
my pap^ have, by all appearances, the right to be 
called short span, since the two sides of any one coil 
do ,not span one pole pitch, but with regard to tlie 
harmonics they produce in their M.M.F. curves thev 
full^span coils. The problem then is 
what to call &em. Geometrically they are short span. 
Electnc^ly they are full span. I have tried to com¬ 
promise by calling both normally distributed windings 
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This suits both admirably, since “ normal ” distribution 
is one in which no slots containing conductors of any 
other phase are introduced between the slots containing 
the conductors of the phase under consideration. As 
Dr. Clayton points out, the terms ** normal distribu¬ 
tion and “ super " distribution may not be suitable 
for all classes of machinery, but f^r open-coil windings 
Guch assure used on alternators and induction motors 
they appear to have much to recommend them. What¬ 
ever the span of the coils, there is no change electrically 
from full-span coils^unless the span is such as to cause 
the distribution to change from '' normal ” to “ super.'' 

Reduction factor, —I do not necessarily intend to imply 
that the expression (sin Jn? 7 i^)/(msin \n\js) should always 
be evaluated from its component parts (Table 1), but to 
he able to express any formula in its component parts 
is invaluable when one wants to ascertain the effect 
of a departure from the normal. Thus the component 
parts of the expression for any winding scheme of the 
types described can be readily written down as a trigo¬ 
nometrical series : some are given on pages 1092 and 
1093, and have the advantage that the chording factor, 
as Dr. Clayton describes it, will be included. 

Chording factor, —Dr. Clayton's remark, that the 
chording factor is numerically equal to the sine of half 
the electrical angle spanned by the coil, wants qualifying. 
Provided that the span alters the distribution and in 
the case of the two larger windings in Figs. 8 and 9, 
it is true, but occasionally the sign as well as the 
magnitude is required to be correct, so that it is much 

U -Pole-pitcli-H 


Fig. B. 

better to use cos ^nd than sin — 0) (see Fig. B). 
For n — 7 and Fig. 9 (jfege 1091) 

cos ^nd = cos 210 ® = — 0*866 
cos = cos 210 ® = — 0*866 
sin |?i(-?r — 0) =: sin 420® — -1-0*866 

This latter one is evidently wrong for sign. (See also 
Table 4, where the chording factor for the seventh 
harmonic is evidently negative.) 

However,^ the expression cos permit, w-hich I have 
suggested is correct both for .sign and magnitude, also 
has the advantage that no mistake is likely to be made 
with windings , which are apparently short span but not 
really so, since in these cases there is no super distribu¬ 
tion, so that a — zero and the chording factor = 1 * 0 . 
In the case of single-layer windings the chording factor 
is not, either in sign or magnitude, equal to the sine of 
half the electricar angle , spanned by the coil. It is 


given by ^(cos Jnfl)/(cos Jn^) and is affected by both 
the span of the coil and the angle between successive 
slots. It is also given by [cos (| 4- l)|n^]/(cos Jn^). 
This form, again, is not likely to cause mistakes, since 
where there is no super distribution f = zero and the 
chording factor = 1 * 0 . ^ 

Harmonics in supply citrrenL’^l quite agree with 
Dr. Clayton that harmonics would be present even with 
a surface winding, but this doesmot ntake my statement 
incorrect; it merely broadens it. ^Dr. Clayton is also 
quite correct in pointing out that, in reality, only the 
third harmonic need be alfsent from the supply current 
in order to suppress the^thiref harmonic in the M.M.F. 
curve, but, again, this'“only broadens my statement. 
My chief aim is to prevent the idea that the supply 
current is producing the particular harmonics under 
consideration. However, if harmonics are present in 
the supply current then the system of waves of M.M.F. 
may contain stationary as well as rotating components 
of a complex character, the effect of which has not 
been included within the scope of the present paper. 

Ratio of iron losses and magnetizing- currents. —Dr. 
Cla 3 rton has evidently misread page 1095.* I have not 
attempted to imply that if = 1*46 then the 

ratio W 4 JW 2 should be expected to equal 1*46, but 
for some reason is equal to 1 * 6 . If ^^1^2 = 1*46, 
then the corresponding value of WJW^ obviously 
depends upon the actual values of ^84 and since 
the curve connecting iron loss and j 8 is not linear. I do 
not know the actual values of and jffg* 
iron-loss curves^and probable values of the densities, 

I shbuld have expected WJW 2 to be greater than 1*6. 
In obtaining the ratio of the magnetizing currents, I 
think ^Dr. r'Clayton must admit that ! have at least 
made some allowance for the core and not neglected 
it as he suggests. My percentage allowances may not 
be strictly correct, buf they are of the order one^vould 
expect, knowing the ratio "the probable, but 

not the actual, values of and 

Flux density and cratoling. —At half normal voltage, 
with the 4 -pole connection, the density in the gap is 
0*73 times tliat with full voltage and the 2 -pole (»n- 
nection, so that if the reduction factors in Table 5 are 
assumed to be correct for the 4-pole case, they*are on. 
the high side' for the 2 -^ole case; but the lower the 
density in the 2 ^pole case the more nearly are they 
correct. The crux of the matter is not the ratio of the 
gap* densities but whether the density in the 2 -pole 
case is. lowocnough to cause the reduction factors to be 
sensibly as set out in Table 5. 

Fifth harmonic. —I do not mean to imply that the 
fifth harmonic will establish a definite* crawling speed, 
but the fifth hannonic has an influence on the tcndenc)'* 
of the motor to crawl, as has been pointed out i)y 
Prof. J, K. Catterson-Smith in the paper referred to 
at the foot of page 1088. In conclusion, 1 am indebted 
to Dr. Clayton for his criticism, since it is apparent 
that parts of the paper have been so condensed that 
wrong conclusions may be drawn from the text, and it 
is only by the valuable aid of those who are prepared 
to study a paper in detail that the dbubtiul points are 
cleared iip. 




APPLETON AND THOMPSON: PERIODIC TRIGGER RECEPTION. 181 


PERIODIC TRIGGER RECEPTION. 

By E. V. Appleton, M.A., D.Sc., and F. S. Thompson, B.A.^ Royal Corps of Signals. 

{Paper received 26/A September, and read before the Wireless Section Hist November. 1(123.) 


Summary. 

ft 

The phenomenon of oscillation hysteresis exhibited by 
simple triode generators is discusse^d theoretically. A prac¬ 
tical method of reception in which this phenomenon is utilized 
in a periodic manner is described; This method, which for 
coiivenience may be termed "periodic trigger reception," 
is suitable for continuous-wave and spark signals, 

A low-frequency electromotive force is introduced in the 
grid circuit of a simple triode oscillator in such a way that 
high-frequency oscillations, are not produced in the absence 
of an incoming signal. A small signal of high frequency is. 
however,. sufficient to produce a train of free oscillations 
once every low-frequency cycle. Such free oscillations are 
rectified by the triode, and a signal of the impressed low 
frequency is heard in the receiver telephones. 

The system differs fundamentally from the Armstrong 
super-regenerative receiver in the following respects 

(a) The. ordinary oscillation-hysteresis characteristic is 
followed in a " quasi-stationary " manner; 

{b) No self-osciUations are produced ijcj the S 3 ^tem in tlie 
absence of an incoming signal; and 
{c) The amplitude of the telephone signal is practically 
independent qf the amplitude of the incoming signal 
and^ not proportional to it as in super-regenerative 
receivers. 


It has been discovered experimentally that oscillations may 
be mamtamed in a simple triode generator with extreme 
negatjye gnd potentials such as would cut off the anode 
current entirely under normal con3itions. A simple theory 
for^the conditions necessary for such maintenance is given 
An oscillator of this type is very efficient in that anode and 
grid currents, are only. permitted to flow for a very small 
part of the cycle. 


It is now becoming more and more genei-ally recog- 
^cd that, in order to account satisfactorily for the 
behaviour of many modem wireless circuits, proper 
acc^^TOt be t^en of the non-uniform conductances 

Stiin cases, no expla- 

Mhon At all, however approximate, is possible unless 

the non-toe^ nature of the triode characteristics is 
recog^. Various examples of this may be men¬ 
tioned. Some tune ago Dr. yan der Pol and one of 
^ Resent ^^thors * found that, for a triode generator! 
i^re was often a pronounced difference between the 
hmtmg c^ditions for the starting and stopping of 
free oscillatioiM. This difference was accounted for by 
^ pe^har slmpe of the triode characteristics for the 
pa^cular conditions used. An explanation of such 
a p^nomraon m terras of straight characteristics is 
obviously impossible. The non-uSear theory wal Lo 
apphed by ^I)r. van der Pol f to account for tlie dis<S^- 

Pbiheep&ical Uagaein,. ia^, vol. « 

+ VAN DER Pol :-ibid., p,, 700 . . • ^ * 

Vol. 62. 


ser, 


• . . . ’ 
tmuities in phase and frequency wJiich are onctniniercd 

in coupled-circuit transmitters. Later one of the 
present authors • showed how a similar theory accounted 
for the main features of the synchronisation jiluMiomeJia. 
met with when two triode assemblies witli mutual 
interaction are adjusted so a.s to be nearly in resonaini’. 
^ The above examples are cases of free oscUlatiuns, but 
similar phenomena are met with in cases of forced 
osciDations. For example, in continuous-wave receiv 
tion by the auto-heterodyne method it is very often 
noted tliat there is a “ silent interval ” of receiver 
frequency in the region of resonance, within which no 
signal is heard. Such a phenomenon lias been ex¬ 
plained t in ternis of the non-linear chanictcristic.s of 
the triode, and it has been shown tliat in such a ttase 
tile presence of forced vibrations of amplitude grealer 
than a certain critical value, due to tlie signal, auto- 
maticaUy suppress the free vibration so that no be.ds 
occur and no combination tone is hoard in the n-cciver 
telephone. Another interesting example of forced 
inbratwns in a non-linear .system has recently been 
desenbed by E. H. Arnistrong.t who ha.s .shown that 
a tnode assembly may often be made more senrilive 
as a receiver of high-frequency ascillatioiis if then! is 
present m the s)istem another forced vibiation of tiuilu 
different and uncorrelatcd frequency. In attempting 
to eijlam the action of the circuits described by 
Armstrong one of the present authors found a iioii- 
linear triode system in which tlie interaction of the 
forced vibrntions is such that the amplitude of one 
^bration if m^eased by the presence'of the other 
It IS with this scheme that the present paper d.-aLs! 

At fet the mistake was made of concluding that mk Ii 
a scheme was necessarily the same as Armstrong’s, but 
a practical mvestigation of ,flie method (which for 
wnyemence may be termed the " iXTiodic trigger” 
method), together with a doscr examination of Arm- 

shown tliat, 
depend on tlie interaction of two 

SSi essential and fmtda- 

mental differences between them. Such dilferinifcs 
will be mentioned later in the papei-. 

thJ reception to be described is ba.scd on 

ftr "^®Jitwned above) between the conditions 

for the bmldmg up of triode oscillations fn m ’In 
^itesimally small amplitude and the condilio"s Z 
mamtenance of an oscillation already existing in 
this'respect it is somewhat analogous 

pt. SaeMy.lmm. vol. si 
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relay descriDed by L. B. Turner/ We shall thei'efore 
preface our account of some of the practical points 
connected with the working of this method with a 
short theoretical account of the fundamental points 
underlying trigger action in general. 

Let us consider the case of the simple oscillator 
circuit shown in Fig. 1. For this circuit it is weJl 
doiown that, if the mutual inductance M between the 
coils Li'^and L 2 is of the correct sense, and is gradually 
increased from a low value, oscillations are spontaneously 
produced when reaches a certain critical value. 
This value is given by the equation f 

/ hM\ 

'‘adf = + —j . . . . (1) 

vChere R and Gi are respectively the resistance and 
capacity of the oscillatory circuit, and a and h are 
respectively the mutual conductance and the anode 
conductance of the triode. In most practical cases the 
second term on the right-hand side of Equation (1) is 



Fig. 1. 


temporarily induced in the oscillator so that the repre¬ 
sentative point now oscillates for a few periods about 
its new zero. It is clear that the induced oscillations 
will not be maintained if this induced voltage is 
insufficient to take the representative point into the 
region of finite anode current. But if the (oscillatory 
grid potential is of sufficiently large amplitude, such as 
is illustrated by the sine curve below the characteristic 
shown in Fig. 2, there is the p<jjssibility that the anode 
current-changes may be such as to assist in maintaining 
the oscillatipns with constant amplitude. The condi¬ 
tions for this may be stated fairly precisely. 

Let the induced oscillatcC^ grid potential v be 
expressed by 1 ? := sin'^coi, where = l/(ii(7i) (see 
Figs. 1 and 2). Then once every cycle the anode current 
will flow for a time. Let the fundamental component 
of these periodic anode-current changes be represented 
by Such an alternating component of anode 

current will produce by induction via Jkf an electro¬ 
motive force of magnitude in the oscillatory 

circuit. This electromotive force acting at resonance 



small compared with the first, so that the numerical 
critical value of the mutual inductance is given by 



Let us now consider the effect of varying the steady 
grid potential of the oscillator by me^s of the potentio¬ 
meter shoAMi in Fig. l,*and, in connection with this, 
let us imagine that the foot of the grid-voltage/anode- 
current characteristic of the triode is. as illustrated in 
Fig. 2. . 

It is clear that oscillations will not start if the repre¬ 
sentative point of grid> potential is 'to the left of 
— 8 volts, in which case no anode curtent flows. 
Oscillations are, however, spontaneously produced if 
the represeifetive point is moved to the right, of this 
value to a point such that the slope of the curve’ is 
equal to a, as defined by Equation (2). We thus know 
precisely the conditions for the starting of oscillations. 

Let us now assume that the representative point is. 
fixed first at — 20 volts by means of the potentiometer, 
and, further, let us assume that a large oscillation is 

♦ B,ritidi Patent No. 130408. s 

t APPJ.BTON r PhUosQphiml Magazine, 1910, vol. 37, p. 134 j and Praceedities 
ef the Physical Society, 1021, vol. 83, pt. 2. * * rroceemngz 


on the oscillatory circuit LiCi (see Fig. 1) will, in itself, 
produce an alternating grid potential of maximum 
amplitude and a little consideration shows 

that this amphtude is in phase with the original grid 
potential-changes if JIf is of negative sign. We thus 
see that the oscillation of amplitude A is maintained 
if the result is equal to the cause, or if 





The' above explanation may perhaps be put a little 
more precisely as follows. With reference to Fig. 1 let us 
assume that Q is the charge on the oscillatoiy circuit 
condenser at any instant. We tl^n have, as the expreis- 
sion of the electromotive forces in the'’circuit, 




dt 


(4) 


where is the anpde current and t is the time. Let 
us now write ♦ 

^ av + + yv^ -f- Sv^ -I- € 1 ;^ (6) 


• We have here assumed, for simplicity, that’ the anode current is mainly 
controlled by the grid potential, and we have thus neglected the effect of change 
of anode potential due to induction between the coils L^' and in Fig; 1. 
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where y is the departure of the grid pote 3 ;\tial from 
ite stationary value and a, etc., are constants. Equa¬ 
tion (4) thus becomes 




ri? Md/(v)"ldv f> 


( 6 ) 


_Li LiGiJ^ 

where co^ has been written for l/(C7ii^). 

An approximate solution of an equation similar to 
(6) has been previously given,* so that only the final 
results of the solution need be stated here. 

It may be shown that, if Af is of negative sign and 
a solution of the type = a sin cot is assumed, the 
possible stationary amplitudes are given by the i*eal 
roots of 

/BGi \ ^ , 

|ya4 _ := o . . (7) 

These roots may be wTitten 

a?= 0 

<4 = - N) 

and of = — P + — N) 

where P = fyfe and .V = - [ZI5€)i(BOJM) - aj. and 
the square roots are taken as having a positive real 
part. But such amplitudes, though possible, are not 
necessarily stable, and a criterion of stability is neces- 
sa^ for each of the three amplitudes given by (7) t 
These are respectively:— 

• * 

For og ; €02 >0 ^ . 

For og ; > 0 

% thus* see that if [(JtOi/M) - a] and y are positive 
oscillation hysteresis ^ possible in 
that the z»o amplitude, oi. is stable, as is also the 

r®’ between the two an unstable 
amphtu^ of value is to be found. This unstable 
^phtude is really the " thr^hold ” value, in that a 
tempor^y induced ampUtude greater than this value 
^ automahcany build up to the stable ya!ura? 

cnn%«!i system is thus in a stable 

when^oscillating 

We thus see that the whole question of 
h^teresis and ^ger action is definitely attributable 
to ae shape of. the. triode characteristic and £ „ot 
presence of gaseous ionization in the 
sometimes been supposed 

^bove theoretical considera- 
bons and the practi.^ working of the proposed method 
of reception may best be illustrated by for 

convenience, may be termed the- oscillatLIysirite 

• Applbton and van der Pol • Joe dt « i to » 

1^! see.Arpi.rpS- SfS 

I ^LETOK and PAM OSR Pot; toe. e«. o ISS- '< 

loot of thAolamctwistte, “Presented by the 

these conditions, are usually , fulfilled. . loe critical v^ue. 


(or^ "backlash”) characteristic of a .simple tritxle 
oscillator. This is obtained by plotting the rehilioii 
between the current in the oscillatory circuit find the 
I ^id potential as contrfJlcd by a grid polenlitmu'tt.r. 
Ihe circuit used for determining this relation is sluiwii 
in Fig. 1, while a typical example of the results obt.iincd 
for a standard " R triode is exhibited Hi Fig. :» («). 

The circuit of Fig. 1 is seen to be a sinijilc oscillator 
to whicli is weakly coupled a detecting coil in .series 
with a crystal detector anil sensitive galviinoineter, 
Gj. The grid potential is contiiuibu.sly variable by 
means of a potentiometer consisting of cells and a 
non-inductive resistance, and Is caleidable from a Know¬ 
ledge of the resistance and tlie grid .battery v«fJlage 
Tlifi relation between the galvanometer rcading.s (which 
are proportional to tlie square of the cwcillatory .•iiircnt! 
and the grid potential is shown in l^g. :i («) logeilier 
with the ordiiiai'y grid-potential/anode-ciirreiii: cluirai - 
teristic of the triode. Jt will Ixs seen that on starling 
with a large negative grid potential (c.g. - .•{.'» voll.s) 
and reducing tliis gradually, oscinutU)n.s do not sl.irt 



until conditions represented by the foot of the ordinary 
static cliaracteristic ai'e reached (c.g. at -- 7*8 voHsl 
when an oscillation suddenly starts, Rtxhicint: li/e 
negative grid potential to zero caiisas this high.fn.,i,„.nrv 
oscillation to dimmish sonmwhat in ainplitiule, b,iL llil 
l^id potential must be increased to -f 20 volts beforf- 
the oscillation finally and suddenly coa.sf‘s. On n.iw 
retraemg these grid potcntuia-changes (lie svsl..m 
remai^ m the non-oscillating condition until lhe’gi|,i 
potential becomes -f- 1.7-2 yolts, when .isdlhilil.ns 
suddenly start again. On reducing the imtcUiul .stS 
further the old part of the curve is retraced, hut mnv the 
grid potential must lie made - 20 volts be( 1-7 ill 
M^Iations can be finally stopped. In otimr wnrd.s if 
a «^ntinuous v^mtion of grid potential is made frui 

*r-vi:d"'E 

^ ..poguv, “ n” 

AB.m pig. 3 (*)] are further iUustrated in F ^ 3 rm 
where the relation between t<eso quantSes and ih ' 
back-couplmg. M. is shown. We tluw nntw I, 
remarlmble fact that oscillations, if once start erl c T 
be aamtoeed »ilb strong negetlv, grid potenSi. to 
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conditions ^represented by a region well to the left of 
the foot of the ordinary static characteristic. It is this 
region that we propose to utilize in a periodic manner 
for the reception of weless signals. This discovery 
of the possibility of the maintenance of oscillations with 
extreme grid potentials (i.e. with potentials more 
negative thah that required to cu^ off the anode current 
under normal conditions) leads to an understanding 
of the method of obtaining high efficiencies in a triode 



Fig. 3(6). 

transmitter, for in such cases the anode and grid cur¬ 
rents flow only for part of the cycle. From the theoret¬ 
ical treatment given above we see that in the region 
lepresented by ABCH in Fig. 4, which represents the 
left-hand side of Fig. 3 (a), there are two stable states 
of the system, one quiescent (of amplitude zero) and the 
other oscillating (of amplitude given by the values 
HC). To make the system pass from the quiescent to 
the oscillating condition, oscillations liave temporarily 
to be produced in the system of an amplitude greater 



than , the value indicated by the appropriate pomt on 
the brokei? line HB of Fig. 4, which represents, the 
intermediate unstable values. Moreover, the sm^plitude 
of oscillations necessary to produce this trigger action 
is smaller the nearer we make the grid potential approach 
the point B from the left.* 

. Let. us now consider the grid potential fixed at. P 
and a cyclic potential of tow frequency and of amphtude. 

ab to be impressed about this point. A small high-: 

* Note that the curvesAB, HB and HC represent the three roots at, dt and 
03 of Equation (7). 


frequency electromotive force impressed on the oscilla¬ 
tory circuit will now trig ** the system during the 
favourable conditions in the positive half of the low- 
frequency cycle (indicated by the point b in the 
figure) and the resulting oscillations will be maintained 
until the peak value of the other half-cycle‘^(indicated 
by the point d in the figure) is approximately reached. 
The high-frequency oscillations thus produced in the 
triode S 5 rstem are rectified in the usiJal way, due to the 
curvature of the anode current characteristic, and a 
note of the impressed low-frequency cycle is heard in 
a telephone inserted in^ the anode circuit. In the 
absence of a high-frequency"* signal the system is not 
" trigged,*^ and only a very feeble sound of the local low 
frequency is heard in the telephones. We thus have a 
method of receiving wireless signals based on periodic 
trigger action, the receiver being trigged ** by any 
signal strong enough to take the system over the 
threshold in the favourable parts of the low-frequency 
cycle. 

In the cycle of operations indicated by Fig. 3 (a) 
the grid voltage-changes must be sufficiently slow to 
enable the oscillatory amplitude to reach its limiting value 
for the appropriate conditions. We may conveniently 
term such grid potential-changes '' quasi-stationary.'* 
In order that the results obtained with a cyclic grid 
potential should be interpretable in terms of the above 
characteristic, the cycle “abed*' of Fig. 4 must also be 
sufficiently slow,as to be “ quasi-stationary.** Experi¬ 
mentally we have found that the higher the radio¬ 
frequency used,, the liigher niay be the impressed low 
frequency consistent with the abovft condition. Further 
mention of this point will be made later. 

In Jbestjng some of the fundamental properties of 
thi^ method of reception we have'" used a 90-period 
impressed low-frequency grid potential obtained from 
the Cambridge towif supply. This was introduced 
into the grid circuit by means of a transformer^ as 
illustrated in Fig. 6 . Here l^Ci is the main oscillatory 
circuit coupled to the anode circuit by means of the 
coil L 2 . The town supply of 100 volts was transformed 
to 40 volts and then introduced by magnetic «coupiing 
into the grid coil L 3 . The last-named coil had to be 
shunted by a condenser C 2 of about 1 200 /x/xF^ winch 
acted as a high-frequency by-pass. 

The oscillatory current in LjCi was indicated by the 
loosely coupled detector-galvanometer circuit, while 
the telephone signals were detected aurally by the 
telephone pv measured by the detector-galvanometer 
G 2 . The high-frequency signal was provided either by 
a small triode set a few metres away or by the signals 
of GLA from Ongar. Both signals were faintly awdible 
(no aerial being used.) when the receiver was made to 
function as an auto-heterodyne set. c 

In adjusting the receiver for periodic trigger reception 
tlie grid potential was adjusted to a value slightly more 
negative than the value corresponding to the centre 
of the negative “ backlash ** region. The magnitude of 
the cyclic grid potential was increased by increasing 
the coupling M 2 uiitil, in the absence of signals, a very 
loud note of the impressed low frequendy was heard. 
The. coupling, was then (Unfinished until the loud note 
just disappeared. For these, conditions it is obvious 
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that th cyclic variation just fails to reach the critical 
starting grid voltage, and thus the S 3 rateni is quiescent 
over the whole of the cycle. In the presence of a high- 
frequency signal of sufficient magnitude, however, the 
•oscillator w “trigged” every cycle, and the system 
oscillates Suring the whole of the right-to-left transit 
of the representa,tive point. It is evidently advanta- I 
geous to make this oscillation occupy as large a portion I 


I that the signal necessary to trig the receiver 
is small compared with the self-oscillation of llie 
receiver when trigged. Still further conlirmation of 
this view is afforded by the observation that the 
phone received signal was practically tlie same when 
the cyclic grid potential was increased until jieriodic 
trigger action took pHce automatically in the absence 
of an incoming signal. 



Fig. 6. 


of the cycle as possible. The best results ar©*thej!efore 
obtmn^ with a cyclic grid potential equal to about 
half the^ ” backlash voltage.^ Moreover, this is the 
r^imum cyclic grid voltage witlf which the alternate 
and quenching can be carried out as required 
m thjLs method. 

In the pr^ence of a high-frequency signal tlie note 
newd with the above circuit was very loud and audible 
a fe^ yards from a pair of low-resistance Brown tele- 
phones. The cessation of either the high-frequenev 
mpu (fiiTOmmg signal) or the low-frequency input 
(cychc gnd potential) stopped the loud signal Ltirrfy 
Thus the loud signal must be regarded as the product 
of the mteraction of two forced vibrations in the non- 
linear tnode s^jstem. 

With the above apparatus a study was made of the 
dependence of the telephone signal .current on 

(a) The amplitude of the incoming signal at reson- 
ance ; 

incoming signal of constant 

magnitude; and 

(c) The back-coupling of the receiver. 

between the signal telephone current as 
neasured in (Fig. 5) and the oscillatory current in 

SecS“£ ifsh^rr Fig "e" i^rsi 

of the mcoming signal. Such a relation ^ ^ 
expected from the theory given above if we assume 


lliese observations show quite (lclinii'i>iir ih.. i-j-i- 
sui»r.„5a,a„aon, acerting iZ 



^ ^ 5 M 15-20-2B-fo 

Transmitter current (galv. readings) 

Fig. li. 

rs 

free oscillations wliich aie set up dm-ing the ,.f 

negative resistance are directly p'ronortinivJl # .t ^ 
amphtude of the impressed E.M.F.” Moreover in 
penothc trigger reception there is no self-oscillatiun in 
the absence of a signal, whereas in super-regener iii,.n 
lere is always, according to Armstrong's osciUognums.t 

P. = P'o^edine, >J du ImUM, ^ mio Engineer,, IPS2. „,i. 

t Arbcstrokc : ibid., pp, jjgi 
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a email self-oscillation in the absence of signals, which 
is enhanced by the signal. 

The relation between the telephone current and the 
frequency of the incoming signal is illustrated in Fig. 7, 
where the galvanometer readings of G 2 axe plotted as 
a function of the transmitter condenser readings. The 
transmitter amplitude was tested*^ separately and found 
to be ^independent of the above-mentioned capacity 
alterations. 

We again note ;t;hat there is only a small alteration 
in the telephone current for these frequency changes. 
The telephone signal was found to start and stop abruptly 
at critical condenser, values as the capacity was 
altered. There**'was not the slightest evidence of a 
gradual increase of Sigiial Strength from zero with 
'gradual alteration of transmitter frequency, as is usual 
in ordinary receivers. 

The strength of the telephone signal obviously 
depends on the magnitude of the liigh-frequency self- 



approached the natural frequency of the telephones. 
But here considerable difficulty was encountered as it 
was found that onr.e the cyclic grid potential had been 
increased to the value necessary for starting trigger 
action in the absence of an incoming signal, ^e voltage • 
could be reduced considerably below the critical value 
before the trigger action stopped; and further, that 
within this region of h 3 reteresis the receiver, once 
** trigged ** by a signal, did noft return to the quiescent 
state when the signal ceased.|t. These phenomena, 
however, disappeared when the same receiver was used 
on smaller wave-lengtlis^ w^^uld therefore appear 
that, for satisfactory ;working, the ratio (radio fre¬ 
quency/low frequency) must not fall below a certain 
value determined by the constants of the circuit ^^d 
the triode parameters. The authors found it possible 
to work satisfactorily between wave-lengtlis of 1 000 
and 3 000 m with a range of low frequency from 250 
to 90 periods per second, but further investigation of 
this point is to be desired. 

As a matter of practical interest, and in view of the 
fact that tlie signals hitherto received had been exces- 


Table 1. 


Mutual inductance 

SeU-oscillatiQ.T 
(galv. deflection) 

Telephone current 
(galv. deflection) 

mH r 

div. 

div. 

0-284 

0-6 

2-0 

0*44 , 

4-0 

6-0 

0-604 

12-1 *• 

7-0 

0-79 

17-0 

14*5 

. 0-^7 

22-0 

<*> 

is-o 


Fig. 7. 


osciUations produced by the " trigger ” action of tlie 
incoming signal. Thus any alteration made in the 
triode oscillator system which increases the amplitude 
of the self-oscillations (the detecting properties of the 
system being retained the same) will increase the 
telephone signal. This point is illustrated by some 
observations made on-the effect of increasing tiie value 
of the mutual inductance on (1), the magnitude of the 
self-osciUation. and (2), the magnitude of the telephone 
signal in periodic trigger reception. In each case of 
(2) the cyclic grid potential was made approximately 
equal to half the "'backlash” volt^e, so tliat self¬ 
oscillations occupied half the cycle. The results are 
set out in Table 1. From these readings it will be 
seen that the values of the amplitudes of the self- 
oscillations and the telephone current increase together 
with increase of mutual inductance. 

Further experiments made with cyclic grid potentials 
of frequency higher than 90 periods per second resulted 
in still louder signals as the low frequency more nearly 


sively loud, the syslnm'" was tried with low values of 
anode voltage on the oscillator triode. * With the 
anode connected to the positive end of tire filaJhent 
battery and the anode battery omitted, weak signals 
were received with the grid at about 1*7 volts, "With 
a further 2 volts on tire anode tlie “ backlash” r^on 
was about 0*3 volt, but it was found tliat in the middle 
of this region a small self-oscillation started, there 
being a further sudden increase of amplitude when the 
positive end of the region was reached. This necessi¬ 
tated the moving of the working point to the left of 
the centre of the backlash region, otherwise the signal 
was heard as a heterodyne whistle intdhrupted at the 
quenching" frequency. In certain cases a state of 
absolute silence occurred at resonance,. most protobly 
due to the forcing of the feeble receiver oscillations 
by the incoming signal.* With tlie same connections 
and the anode at -t- 6 volts a nice loujJ signal* ^as 
obtained and the effects enumerated above ceased to 
give trouble. 

* Appleton: * 

Proceedings of the 


'The Automatic• Synchronization of Triode Oscillators,” 
Cambridge Philosophical Society^ 1932, vol. 21, p. 231. 
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Discussion before the Wireless Section, 21 November, 1923. 

. 'T*!- __ ♦- 


® • The paper is a valuable contribu- 

taon to the understanding of the type of receiver employ- 
ing an ufistable retroactive triode circuit. The autliors 
halving set up an oscillation circuit of this type, have 
j^culated in terms of the shape of the static character¬ 
istic for the taod* [a,5», e,in Equation (6}J. the possible 
amplitudes of osc^ation. Their mathematics^ makes 
possible a calculation of the relations -obtained experi- 
mentaUy in Fig. 3 («), but -the authors do not appear 

HfS® against the observed Lrve 

HCGD They then superpose a Jow-frequency fluctuation 

electrically 

trigger relay. Again, the theoretical formute 
mighb be .used to calculate the behaviour when the 

J own " Oscillatory 

<i®®‘^ribed and demonstrated before the 
directed attention to 
subsequent, developments I 

aitSS ^'«'^«Uing, and the present 

+ Indeed, in tummg up a volume of my 
laboratory notes of the winter 1917-18, I find that I 
TOvered experimentally a great deal of that ground 
But while the authors certainly must not be critic^ed for 
smtM ^ ““Published matter. I do think they havfprt 
^ted as new some facts which were already common 

m thev^? *be trigger principle on 

P ® 1 they say that -Some time ago [viz 19221 Dr 

v^ der Fol and one of the present au^om tShat 
^ bnode generator, there was often a pronounced 
<hff«ence between the limiting condition^jr S 
startng and stopping of free oscillations.". This f^t 
^ the veiy basis* of my valve relay, and was ^taS 
Md ^plmned in the paper referred to, wherein too 
the dbw famihar terms » backlash " and " threshold ” 
were cofiied. The authors also a.r.r.niir..-e in jj.. 

^t that oscilMtions, once started, can be maintained 
l^nf potential so low as to be weU to the 

relay described by me w^ nroX^^ ^ 

demantl for = ^ produced in response to a 

a telephone *? *^b:cuit, not actuate 

emboSi to be 

the oscillation by^^ns of ^"^“‘^bing of 

for relay work I If ! °P®*^tion; and 

rail through th?S.hAf fT “®*bods I tried 

* JoumaHX.E., 191». s«pp. to vol. 67. p. 60. 


raise the quenching.frequency^ In Fig. 5, the o.st:illatiou 
in LjCi does not leap instantly to its final value, nor 
me instantly to zero, when the critical condition for 
the maintenance of ©scillations is passed through. Major 
A AO measured . delays aniouiitinj^ neiirJ]^ 

1 mjr instruments working at a wave« 

length of 1 600 m. In attempting rgally rapid <|uciiching 
I found at once that it was.neces.sary activclj' to damp 
me oscillation during quenching—as Holitho and 
Amstrong do—and not merely to remove the retrcf- 
Mtion M the authors do. There is wolhiug to prevent 
the a.uthors Irom quencliing partly or wholly by a 
clamping process. Even so, if the speed and/oV waw- 
snffiaently increased, it will hi- found 
lat .the response no longer rises, as in Mg. «, vctv 
dowly with the signal strength, but is more or lews 

strength. TJio sudden 
threshold will have vanished, ami by a slight furl her 
change the trigger relay will have bJen coiiterled into 
the Armstrong amplifier. On the other hand, if the 
ow quenching ratas—such as the authors' 90 2.70 
p.p.s.-^re retauicd, tlie electrical tiuencliing anix-ars 

to be less desirable than the switcliing ,,mm,rh u.at 
I preferr^. I should be glad if the authors would si .• 
practical .signal strength r..,,uircri 
IL n ^ see that a cMser margin 

fv, ** be feasible with electrical ciuencliing than with 

r"“iv ““ •'«' "“i i" 

mat about O'06 volt was required, 
of •• The authors' elegant aiudvas 

Aoohi *s very welcome, for ’it 

S obtained ^be amplilLtion th.;* L 

working tto ™r/n mn.t J;’' 

T”* 

-iS Cr 

know, therefore, how to desio-iwKl^ ‘ 

va.lvp T-f -m-ia 1 . the circuit to tin* 

oS*.” 'S - 

•Iteallon „S ta iffilri' “ V“* *' ‘'“ 

^ g^««.e an«.“ 
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curve IIB in Fig. 4 at a point very near to B. I hope 
that the analysis will be extended to cover the case where 
the grid potential is subjected to a part only of the 
fluctuations of potential occurring across L. In Fig. 3 {a) 
it is seen that when the grid is at ~20V the oscillatory 
current is more than twice as great as when the grid 
is at -h 6V, and we might gain froiyj this the impression 
that the, output as well as the efficiency of a generator 
is greatest when the grid is made very negative. The 
explanation of the ^parent anomaly is that the circuit 
of Fig. 1 was an unsuitable one with which to obtain 
a large output. If by choosing Li suitably the authors 
find that while still retaining the hysteresis loops they 
can get a curvfe connecting oscillatory current and grid 
potential which has a positive instead of a negative 
sl5)pe, they will be able to show us how to use the relay 
to much better advantage than it was being used when 
the observations shown in Fig. 3 {a) were made. If 
we attempt to combine the functions of a chain of ampli¬ 
fiers and of a rectifier in a single relay, then it must be 
both a good amplifier and a good rectifier. I think that 
the authors' method of quenching the relay may com¬ 
pare unfavourably with the mechanical method used 
by Mr. L. B. Turner, because it lessens the rectif3dng 
capabilities of the triode. In the authors' method the 
net change of mean anode current is the resultant of 
two opposing effects, viz. an increase of mean anode 
current owing to the rectification produced by the 
curvature of the characteristic, and a decrease of normal 
anode current and of rectified current resulting from 
the progressive decrease of mean grid potential. Let 
us trace these changes as the portion BCH of the cycle 
shown in Fig. 3 (a) is traversed by the grid potential. 
When oscillations begin at the point B there is an anode 
current due to the mean grid potential OB, and a net 
increase due to the oscillation BC. As the grid potential 
proceeds from B to A the anode current due to the 
mean grid potential falls to zero, and the net increase 
due to the oscillation decreases because no anode current 
flows during a portion of the positive half-cycle of 
high-frequency P.D. Just before arriving at H the 
mean anode current may be sensibly zero and remain 
so until the oscillation is restarted at B. With mechani¬ 
cal quenching all the rectification occurs at the same 
mean grid potential. To obtain the best results from 
a trigger relay quenched by the authors' system I 
think that it may have to be comtined with a separate 
rectifier valve, and in this case part of the advantage 
inherent to a trigger relay is lost. The authors' system 
may possibly be advantageous for minimizing atmo¬ 
spheric disturbances, because the relay is sensitive for 
a small portion only of the cycle of grid potential. 
An atmospheric would not actuate the relay unless it 
occurred when the mean grid potential was near OB, 
and the disturbance would be independent of the strength 
of the atmospheric, but this advantage is gained only 
by waste of transmitter power, for signals occurring 
when the grid potential is far from OB are inoperative 
1 think that the periodic time of the local E.M.F. must 
not be ^eater than the time of duration of a Morse dot 
otherwise a dot may begin and end without having 
had an opportunity of actuating the relay. An increase 
in the speed of signalHng will, however, call for a more 


than proportionate increase in the frequency of the 
local E.M.F., because the signal may not have time 
to build up the ipiarginal P.D. if g’iven only one 
opportunity. But, as the authors point out, the Vcatio 
of radio frequency to local frequency must not fall 
below a certain amount or quenching ceases, presumably 
because the free oscillation left in the circuit after the 
point H has been passed must be given time to die 
down to a residuum which is 4ess tJxan the marginal 
value required for restarting. Th^critical ratio would 
be decreased by increasing E or decreasing Li, the 
sensitivity being maintained ^by ^ding to the anode 
battery. Do the authors consider that if, when dis¬ 
tuning their receiver, they had maintained the operating 
P.D. constant in value and frequency instead of keeping 
the transmitter current constant, they would Still 
have obtained results similar to those illustrated in 
Fig. 7 ? Do they imply that an E.M.F. competent 
to actuate the relay must have not only a certain 
marginal value but also a frequency ixcarly the same 
as that of the receiver circuit? Does their analysis 
suggest that the receiver could not actuated by 
moving it at a uniform .speed across a constant 
magnetic field ? 

Mr. T. L. Ecketsley: The chief vxiliie of the ])aper 
lies, in my opinion, not .so much in its novelty (for 



Mr. Turner has previously u.sed a very similar device) 
as in its clear mathematical expo-sition. The smthora 
use a method in which they express the valve character¬ 
istics as a series of powers of what w« might call fhc 
characteristic voltage F. i.e. (F^ + wF,). whcjre F^ 
IS the anode voltage, F, the grid voltage, and m the 
magnification constant of the valve. 'riWe is another 
method in which the anode-current/Krid-voItage char¬ 
acteristic can be expre.s.sed as a Fourier function 
of the characteristic voltage. Two or. three years 
ago I attadked the problem of wlmt the authors call 

oscillation hysteresis" from this point of view, A 
tuned anode circuit was assumed in which the hannonics 
are supposed to be small compared with tlic fnndamgntal, 
so ^t a practically sinusoidal voltage is impressed 
on the gnd. Under these conditions we plot the actual 
os^atory current in the plate circuit against the grid 
voltage, and get a curve of the form,ahown in Fig. A, 
w]^ch may be calculated from tlie characteristic as 
follows; If we express the characteristic curve as 

= ^0 + sin (27rfi) -I- . . . + ^„ sin (2»MrS) . . . etc. 

Bi cos (27r^) -f . . , + cos (2mr^ 

V = characteristic voltage, where B F/F„ F« beina 
some fixed arbitrary value of V. • O' 0 H 
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Then 




— inductance of oscillatory circuit; 

M = mutual inductance to grid circuit; and 

f( 0 i) = (^1 + Si) Ji + {^2 + Bg) ■7i(27r2j8i) 

• Hr • . • + (An -f- Bn) (2nw^l) 
where Ji is a bessel function of order 1. 

The conditions for* the protlnction of oscillations may 
be shown as follows : If*we draw a line at an. angle '0 
with toe vertical axis, where* tan d=Mp, then the 
condition that self oscillations may be produced is 
tha± the line OPQ shall cut the (Vg. I) curve. In 
the figure the lines cross at O, P and Q, showing that 
three modes of oscillation are possible. These correspond 
to the three roots of the equation obtained by Dr. 
Appleton; one is of zero amplitude and is stable" 
the next, PP', is unstable; and the other, QQ', is stable 
again. The figure shows that with a given value of 
the ration, determined by the angle 0 , no oscillations 
can be maintained until an initial grid amplitude 
greater than OP' is produced. This is the threshold 
v^ue of grid voltage; once this voltage is produced 
the plate current automaticaUy builds up to the value 
Og . These oscillations can be stopped by reducing 
ae ration Af to the value tan di/ig, where the line 
0i IS tangential to the Vg, I curve. The method given 
here is more smtable for expressing tlie dependence of 
the oscmataons on reaction rather than on the initial 
grid voltage, but it is possible by drawing the re¬ 
presentative curv^ for various initial gri<i voltages 
to det^ine the effect of varying grid bias as jvell, 
clearly. Obviously a large negative bias 

sta^^ +V, value of Vg is necessary to 

^‘Uataons. just as described in the ^per. 
tos method can be used to take account of the harmonics, 
becomes increasingly complex when 
m*e pf these ^e included. The practical utility of 

the avowedly depends for its actioir on 

toe n<jQ-linear characteristics of the triode. is, in my 
opimon, marred for this reason. The majority of wirelei 
n^neere try to avoid as much as possible anidhing 

Sri aatTh "non-linearity.” The reason fof 
tins IS that the problem of interference is generallv 
made more <JiffLcult by the introduction oj norS 
characte^tics, for the cross terms, due to toe S 

Se'Uv make topS- 

fact tw tT ? ! separation of the two. The 

tact that toe characteristic note of toe signal is lost 

toJSble*t^^?r^ impossible by this me£d. is also 

to be treated ^to 

.»a= otoui, ^ 


Nauen, that is, the “^parlc station. If I incrcniscHi the 
coupling of the circuit so as to cause the valv e to how], 
that is, to make a certain iminusical note, J couJd easily 
read the signals from Nauen anywhere in tiu? routn 
witli this single valve and smaS coil, because tJie signal 
changed the pitcli of the howl just enough tc) enable 
the Morse to be read, I am not quite clear wliat the 
action was, but I imagine it was something like lhak 
described in the circuit shown in the paper,exc<q)t, 
of course, that the howl was acting as tlie low freijiiency. 
It was simply a change in pitcli—"ti very slight one- 
when the dots and dashes came in from Nauen, but it 
enabled the signals to be read anywhere in tlie room. 

Major H. P, T. Lefroy; In repl}^^ to the authors, 
who ask for the experience of those who havx* used tliis 
method of reception, my results obtained in March 
I 1922, when experimenting on Ingli-fretpuuitiy line 
telegraphy, may bo of interest. 1 used a ** trigger 
arrangement wliich gave excellent results for iiigh- 
speed work. I was transmitting, with the permission 
of the G.P.O., from Fenny Stratford on a subterranean 
cable, and receiving in London, the distantr<.‘ being 
52 miles. The high-frequency energy input was rating 
less than 1 watt, and the received E.M.h*. wa.s about 
1/1 000th of the input owing to attenuation 

along the cable. I received at the rate of :iM)0 and 
240 words per minute quite comfortably, on frcHinendeN 
of 10 000 and 6 000 p.p.s. respectively, .In tim arrangi*- 
ment which I used, the incoming signals “ triggc^reil ” 
a three-valve amplifier, controlled so as to be an 
the verge of .self-oscillating wJien awaiting .signals. 
Using a standard G.P.O. relay, 1 got, with strong 
incoming signals, a change from zero curnmt in the 
relay circuit to 50 inA. and this enabled me t.> rci cird 
240 words per minute on tape. U.sin« a spocl.-illy wo.m.l 
relay of 8 000 ohms resistance, J yot zero iu 10 in A 
vtoich w^ still better for liigh-speetl work. I tlieri 
atompted r^eption at high speed on a .snl,(..rram.au 
cable on which the Po.st Office, about a mile dislnnt 
were worlung on WJieatstono automatic at HO words 
per minute from I^ndon to Carlisle, this proibming on 
equivalent of .severe atmospherii s. After 

1 f”'"* J•c^nv 

O* freedom from janmiing 

m this 'trigger” method of-reception, in view ol tS 
^traordinary strength of the Wheatstone intm-feren. e 
^d I assumed then that tliis wius due partly to fla¬ 
the fact that the only time when jamming i-onJd l... 
Srinrrva?^" --ed during li 

M^rniW an equally fundamental priiminl,. 

goyermng the operation of some of those \’irfuits 

acting in s«f>-'s«<iiarv l-bMp" 

acting in a resonant circuit, this E M I-' m-iv i».'v... , i i 

aa contributing an impedance to" the 

“ F~ - 

consist of either positive,or negative resistance in 
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eombinatioir with positive or ''negative reactance. 
When dealing with forced oscillations this view-point 
gives exactly the same result as that arnved at by the 
normal process of adding the main E.M.F. and the 
subsidiary E,M,F. vectofially, and there is no advantage 
gained by looking at the process from this angle. • With 
free oscillations, on the other hand, the phenomenon of 
;^he frequency being changed by 'che presence of the 
subsidiary E.M.F. is more readily understood when 
looked at from this point of view. For instance, in 
the normal operadCn of coupled circuits the effect of 
the reaction from one circuit to the other is to separate 
the frequencies of-the self-oscillations. I have, however, 
found it possibly to synchronize two damped, free 
oscillations of widely different natural frequencies , by 
arranging suitable initial amphtudes and phases in the 
two circuits, and this was done without the intervention 
of a triode with its non-linear conductance. In the 
ordinary transformer case the current in the secondary 
is a function of the current in the primary, and its reaction 
on the primary is usually such as to change the natural 
frequency of that circuit. This is.a particular case of 
the more general one outlined above in which it is 
indicated that the current in the second circuit can 
be a completely independent one and the effect of the 
current In the second circuit on the first may be regarded 
as the insertion of an impedance in the first circuit. 
Dr. Appleton’s investigation into the “ synchronization 
of triode oscillators ” appears to me to be an example 
of this type of action. The theory is competent to 
explain the synchronization when the phase has arnved 
at the correct relation, though the quantitative ex¬ 
planation requires a knowledge of the triode currents, 
i.e. the non-linear conductance theory. It would also 
explain the pulling together of the frequencies outade 
the range of synchronization, which is another very 
important point to which. Dr. Appleton has called 
attention, but it is to be expected in this case that 
there would be a cyclical change in the frequencies. 
Another interesting case is that of the ordinary triode 
oscillator such as that in Fig. 1 of the paper. In this 
case the effect of an oscillating current in the grid 
resonant circuit is to induce a current in the anode 
circuit through the coupling Mj, which, reacting back 
on the grid circuit by ordinary transformer action, 
increases It and decreasen L of the circuit. The effect 
of the component of ncurrent in the anode circuit which 
is controlled by the grid potential is, however, to decrease 
E and increase X, As the latter effect is greater than 
the transformer effect, in general this type of oscillator 
oscillates at a lower frequency than that given by 
the L and C values of the circuit. There is a certain 
family of phenomena which are rather grouped together 
in my noind as being dependent upon this type of action, 
viz, the triode s 3 nichronization phenomena described 
by Dr. Appleton; the Ziehen ” effect investigated 
by German writers; the discontinuities in phase and 
frequency in coupled circuits in valve and arc trans¬ 
mission ; the separation of frequencies in damped 
oscillations of coupled circuits; and various effects met 
with in ordinary triode retroacted circuits (not self- 
oscillating), such as the mistuning effect of retroaction 
when its p^se is changed, etc. Some few years ago 


trigger systems of reception- were somewhat popular, 
but their popularity quickly died. My own experience 
with them was disappointing. I found that their 
principal drawback^ was that they would not receive 
weak signals ; and, after aU, it is the weak sipal which 
is the principal difficulty in wireless reception. It is 
quite easy to receive a strong signal by any other 
method. Some trigger systems, e.g. the Bolitho system, 
show a certain amount of advantage in reducing atmo¬ 
spheric interference, as the atmospheric is cut short 
by the quenching action. 

Lieut. G. W. N. Gobbold: It »eems to. me of little 
value to consider, as Mr. Moullin has done, the ratio of 
as to 02 , for the operatidn.of this system, in which the 
character of the incoming signals is lost, involves 
essentially relay action rather than amplification. The 
device -must accordingly be compared with .a trigger 
system employing a mechanical relay.; and in such a 
system the ratio of output to input may be increased 
indefinitely. I should therefore be glad if tlie authors 
could give us further information concerning the 
magnitude of the minimum signal required to operate 
their device, for one of the most important criteria 
by means of wliich it is customary to judge a trigger 
system is the value of the ** backlash,” i.e. the difference 
between the grid voltage at which the tnode just bursts 
into violent osciUation, and the grid voltage at which 
the oscillations are killed. It was my privilege to 
assist Major FuUej^at the Signals Experimental Establish¬ 
ment during some of the early developments of the 
Turner trigger relay for. high-speed reception, and I 
have seen a goocf deal of the more recent improvements 
effected by Dr. Brydon. As a result of th&e develop¬ 
ments at Jhe Signals Experimental Establishment a 
very high standard of excellence Iffis been . reached, 
and. "^whilst wishing to thank the authors for their 
interesting mathematiflwl Analysis, I venture to ^oubt 
whether they have even approached in their* practical 
apparatus the excellence of the instrument that ^as 
demonstrated before the Institution after the reading 
of Col. Cusins’s paper on the 4th January, 1922. 

Dr. E. V. Appleton and Mr. F. S. Thompson ifin 
reply ): We do not wish, the method of reception which we 
have described to be regarded as being put forward by us 
as a rival to tlie Turner trigger relay system or to the 
methods of similar type described by Bolitho, Armstrong 
or Flewelling. In describing tlie periodic trigger method 
our chief aim has been to exhibit as transparently as 
possible tlie theoretical basis on which* the method 
rests, since *we have not as yet had time to examine 
all the practical aspects of it in detail. Since the paper 
was read we have been able to compute the oscillatory 
signal necessary for successful working with perio(hc 
trigger reception. As was stated in the pg-per, satis¬ 
factory signals were obtained on the coil of the receiver 
from GLA (Ongar), which station, is about 30 miles 
from Cambridge. Through the courtesy of Mr, T» L. 
Eckersley of the Marconi Company, who has kindly 
supplied the necessary .data, we have been able to 
calculate the field strength at Cambridge and thus 
estimate the oscillatory electromotive force impressed 
on the receiver coil. Tliis computed electromotive fpree 
is found to be 6 X volts. The actual value is, of 
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course, likely to be much less than this as no absorption 
has been allowed for. * 

In reply to Mr. Moullin’s point regarding inefficient 
rectification, we can only say that for all practical 
purposes we have found the rectification sufficient, 
since when the receiver is " trigged ’’ in any way the 
signal in the telephones is deafening. We also intended 
it to be understood that a signal of sufficient magnitude 
within a fairly wide range of frequencies would operate 
the receiver in the same way. 

The graphical method of calculating the amplitude 
of a triode generator described by Mr. Eckersley is 
very similar to that de^bed by one of the authors in 
the Radio Review, 1921, vol.*2, p. 424. 

The phenomenon described by Mr. Clinker is we 
tWnk, quite ^erent from that underlying periodic 
trigger reception. We have ourselves observed the 
same phenomenon as Mr. Clinker, using a condenser 
and grid .leak in the receiver. In such a case with 
strong coupling the circuit may be made to oscillate in 
penodic trams, giving rise to an audible note in the 
telephone. A received signal, however, -alters the 
mean grid potential slightly and the frequency of these 
periodic hains is altered—due to the alteration in the 
time of the ^scharge of the grid condenser. The tele¬ 
phone note is thus altered by the signal. 

Ma,jor Lee’s remarks on the problem of the synchro- 
nizahon of triode oscillators are particularly interestinff 
to us, for It was by tliis linear trijatment (which, as 
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Major Lee admits, £s necessarily incomplete in tlu» t 
of triode circuits) that the problem of syncliroiii<!alioii 
phenomena was first attacked before the more c<iinplele 
non-linear theory was worked out. As a rt‘sult of this 
preliminary work it was found that for practical purposes 
it could be assumed that a circuit of natural freqiu-ncy 
is changed slightly to one of frequeiicv <o by a juTiotlic 
impressed E.M.F. such that 

a}Q — a> —-— cos (b 

2a ^ 

where is the impressed ^ is tlie phase 

difference between the impressed E.M.F. anti the vilira- 
I arid a is the amplitude of the vil^ra-tioii. No thajhl 
tliis formula would e.xplain the phenomena incntiomsl by 
Major Lee. In tlie case where actual syuchroirij^atiun 
does not occur the same formula is upproxhnaUdy 
true, and we note that the free frecpiency varies with fA 
during a beat, giving rise to beats of an anomalous lvpt» 
previously described. A treatment of syncbroiiiicaHon 
phenomena, which is more satisfactory matbmnafirallx' 
than that previously mentioned, has recently work<!fi 

out. This deals with the attraction (if frcipicnt ii;‘.s 
observed experimentally., It is hoped that it will bc^ 
published shortly. 

Major Lee's experiments on the synchronr/alion of 
darned linear vibrators arc of very great tlieor(?ticaI 
importance and wc hope that an accoiml of th(‘m will 
soon be published. 



192 


TURNER: THE RELATIONS BETWEEN DAMPING AND 


THE RELATIONS BETWEEN DAMPING AND SPEED IN WIRELESS 

RECEPTION. 


By L. B. Turner, M.A., Member. 


[Paper first received \2th June, 


and in final form 9/A November', read before the Wireless Section December, 1923.) 


Summary. 

Part I is devoted to an examination of the ordinary method 
of recorder working in wireless telegraph receivers, as affected 
by the damping of Che receiver circuits. After a r^sum^ of 
the significances of the decrement of any oscillatory system, 
itsjbearing on the possible speed of recording Morse signals 
is investigated. The quality (approach to correct Morse 
shaping '*) is estimated from calculated curves of ampli¬ 
tude of oscillation set up in . the receiver by the incoming 
do1;s and dashes constituting the letter '' 1.'* By comparing 
several such curves, a minimum practical value is found for 
the product of frequency and decrement and duration of 
Morse dot. The relation between speed of signalling and the 
requisite transmitter power is then investigated. Part I 
concludes (Section 6) with a summary and discussion of the 


problem of recorder speed in wireless calls for something 
of the effort which has been e^J^ended, with such bene¬ 
ficent results, on the lilcd problem in submarine cable 
telegraphy; and it is hoped that this paper may help 
in preparing the way for the copious high-speed long¬ 
distance wireless traffic of to-morrow. 

Let us first briefly review the significance of damping 
in oscillatory systems, and the terms in which it is 
measured. The disturbance in any oscillatory system 
where a quantity q vajying witli time t is described 
by the differential equation 






0 


results arrived at. 

In Part’ll an improved method of reception, called re¬ 
ceiver curbing,'* is described and analysed. An estimate is 
made of the improvement obtainable, and practical circuits 
are given for putting the method into effect. 


dies down according to its solution 

g = c-’w^cos pt (see Fig. 1) 
R 

where • ^ 


Part 1 . —^Ordinary Reception. 

(1) Introduction .—^Ever since Lodge's enunciation of 
the importance of syntonization in wireless telegraphy 
—embodied in his famous patent 11676 of 1897—efforts 
have been made to produce electrical oscillatory systems, 
both transmitting and receiving, of low damping. 
Owing to the regrettable fact that we happen to have 
no materials for electrical conductors exhibiting much 
less resistance than do copper and silver, low damping 
was much more difficult to obtain in electrical than in 
mechanical systems (e.g. in the pendulum of an astrono¬ 
mical clock); but in recent years the thermionic triode 
has conferred upon us, amongst its other boons, the 
power of contriving negative resistance, thus enabling 
us to construct with ease'^electrical oscillatory circuits 
of extremely low damping. Tliis advance in our 
technical abilities, combined with the general transition 
towards the use of longer waves and higher signalling 
speeds, has now greatly modified the situation* so that 
^at the present time cases .readily arise in which we 
have, so far from striving for the lowest attainable 
damping, to inquire rather how far it is in our interest 
to go. , 

In thjs paper one aspect is examined of the relation 
of damping to the reception of wireless signals, viz. 
its relation to the “ shaping " of the received dots and 
dashes, using shaping” in the sense in which it is 
used in cable telegraphy. It is surprising that the 
subject has not (as far as I am aware) attracted attention 
already, for its study is essential to an understanding 
of the relations existing between speed of working and 
transmitter power. The time has come when the 


and p ~ 27m = V [OL — prfi) 

WGL) when —r, ^ 1 

• • ^ P- . 

The amplitude dies down according to the damping 
factor or viaeffe N is the number of periods 



L 



of the oscillation; the rate of fall is specified with 
reference to the number of seconds of timp by the dqpay 
coefficient m, or with reference to the number of periods 
by the ratio of the successive maxima. The 

logarithm of this ratio, w/n, is called the logarithmic 
decrement—or briefly the decrement—8 of the oscillatory 
system, and we may write 

g =; cos pi 

The decrement 8 = mjn = BI{2nL) specifies the period 
rate at which the oscillation dies away; thus the ampli¬ 
tude is divided by 6 = 2-7 during every increment of 
1/8 in the number of periods, N. 
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When the oscillatory system is an electric circuit 
as in Fig. 2, q is the quantity of electricity displaced, 
and. the dimensions L, R and Ijg of the system are 
the inductance, resistance and reciprocal capacitance 
respectively of the circuit. 

The rftot significance of the decrement is that just 
stated. But there are other properties of the circuit 
equally well specified by its decrement. When the 
circuit is excited f>y an tmpressed alternating E.M.F., say 
e =: E sin p^t, its ^ final response depends upon the 
tuning ** (i.e. relation between p and pi) in a degree 
determined by the Tiecrjment. The selective property 
of th circuit as regards frequency of impressed E.M.F. 
is well exhibited by the familiar ** resonance curve ** 
connecting final amplitude with the impressed periodi- 
7^1- The lower the decrement the sharper'' 
this curve and the sharper ” the tuning; thus, in 
Fig. 3, ABjOC =r S/tt. ^ 

A third, quite different, significance of the decrement 
of the circuit is this: it specifies the period rate of 
oscillation engendered by the impressed 
E.M.F. when of the resonant frequency. Thus 

dq 1 


the dash amplitude is nearly twice the dot amplitude, 
which is 400 X BI(2nLy; and if S — 0*0001 the (lush 
amplitude is nearly tliree times the dot amplitude, 
which is about 500 x LI{2nL). 

An actual receiving circuit must respond to both 
dots and dashes, separated moreover by only a dot- 
length of spacing .jnterval. It is obvious, therefore, 
that if conditions resembling those of the last two casts 
should prevail, the indicator, wliethcr telephone or 
relay and recorder, would be asked to perform an 
impossible task; it could not Reproduce anything 
like an accurate copy of the Mor.se signals transmitted. 
The difficulty with respect to the receiving in.struments 
is precisely that met in the recepf^ion of sidunarine 
cable signals, although originating in the ternuiud 
apparatus instead of the medium connecting thorn. 

The curves of Fig. 4 show not only the redative impor¬ 
tance of the transient stages in the building tip of the 
oscillation (in that respect obviously S — 0*01 is much 


where 


and 


q = goe->«* cos {pt + $) - q^ cos (p^t + 
E 


= 


PiV[(llPiC) - Piijen- iJ2 
tag. ^ I 


R 


and knd 6 depend upon initial conditions. In the 
® o^ance (p? = ycL). low damping 

, ^ ^ circuit quiescent and discharged 

?= - ^(1 -€-««) coa pt 
dq E 

* — €-«»<) sinp« 

E 1 — 

- X —--sin pt 



2^ 

E 

2nL 


m 


- 

-g-X sinp^ 


vaJes^fr ii’pL againstV for several 

Md, whenmaking-a dash, for 1 500 periocU If S^r^Oi' 
tile amphtude reached during dot and ^ 


than 8 = 0-001) but they slunv also 
that tiiA 1 ^^ senahvities of the receiver (assuming 

anSl ifthf ®ent is due to change of resist- 

ance). In this respect the sen.sitivity of 8 - 0-001 is 

of 8 = 0-01 for indefinitely slow .signals 
and IS 4 times for dots lasting'600 periods. 11 is. niarel 
ovCT, easy to see that gain in respect of sel^tivJtv 
^tween one frequency and another^accompanies the 
^n in sensiti-wty; so that in these respects 8 0 - 1)01 

IS much more desirable than 8 = 0-01 ^ ” 

1 ^ ^ mherent resistance, is as low as 

I or less, and by familiar retroactive triode arranKe- 

Tt figure, certainly below 0-001 

pre: s 

=rr.,vzr .SE 

p™tic that taiiEElS 
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e.g. owing lo inconstancy of transmitter frequency. 
This is, however, an unnecessary imperfection, and 
with the modem t 3 ^e of thermionic transmitter in 
which a feeble unbroken master oscillator energizes the 


Diiring a 4 pace it falls from its value at end of 
the preceding mark according to the damping factor 
g— Hence.at tlu^ end. of a short space,following a 




aerial through a key-cbntroUed chain of amplifiers, 
it may be assumed that sefnsibly perfect syntony.is 
obtainable. 

r (2) Some calculated arrival curves, —We^ begin our 
investigation by calculating the arrival curves—^to 
borrow an appropriate cable term—for a representative 
sequence of Morse, dots and dashes, viz, the letter 

(-•). Including the letter space (32^) foUowing 

at the end, this signal in the Morse code has a total 
duration 122^, wl^e T is the duration of a dot and 
ZT the duration of a dash. We will suppose that the 
E.M.F.. impressed in our oscillatory circuit is sensibly 



As = 


2nL 

I following a single dasU 


X -§- 


The curves of amplitude of received current 
given by these formulae are plotted, on a time base 
with T as the unit, for a single dot and. space (dotted 
line) and a single dash and space (full line) in Fig. 5, 

in the case where nBT = 2.* 

When the E.M.F. reappears at the end of a space 
the amplitude has not fallen to zero ; hence the behaviour 
at the beginning of the next mark must depend on the 
phase relation between tlie residual oscillation and the 
new impressed E.M.F. If perfect synchronism between 
transmitter and receiver still obtains at the end of the 
space, the dving residuum is added to the growing new 
oscillation; ''but if they have got into anti-phase, the 



square-shaped,*^ i.e. risip-g suddenly firom 0 to jEf sin pi 
at the beginning of a mark and falling suddenly to 0 at 
the end. 

During a signal, the amplitude A of the oscillatory 
current in the receiving circuit is 

, 1 — 

2riL ^ 8 

• Its value A<^ at the end of a dot lasting T secs, is 

1 - 

~ ^ 2nL ^ 8 ' 

Its value A at the* end of a dash is 

7 B I ^ 

A X -5- 

2nL 0 

* fl 

* Note tl;^t 4 do^ not mean ^(4). 


new E.M.F. (and the lapse of time) must reduce the 
residuum to zero before building up the new oscillation. 
With a keyed oscillator at the transmitter this phase 
relation is probably usually a matter of qhance; but 
with the maeter-oscillator type of transmitter referred 
to at the end of the last section, already in fairly common 
use, the new E.M.F, may be assumed to be in phase 
with the residual oscillation, i.e. no phaSe displaceHient 
is introduced during the spacing epoch. For the 
arrival ciirves calculated in Fig. 6 and Siibscquent 
diagrams, an exact in-phase relation is assumed, but 
at the beginning of the last dot the effect of the anti¬ 
phase relation is also portrayed (in chain-dotted 
line), so that the significance of the phase relation may 
be seen ih the several examples shown. 

. To ascertain the response of a relay actuated by this 

• To make these curves more concrete, they may he applied to any iiitereftting 
numerical case satisfying the specified condition n^T 2, for example 5— 
\ 10 000 m; n » 30 000,p.p.s. ; S 0'0067; T 0*010 sec. (l.e. idgnalling 

speed 125 words/min.). 
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received oscillatory current, we must know thei,operative 
amplitude Aq above which the relay marks and below- 
which it spaces. * If we were concerned only to operate 
the relay—wthout regard to the shaping of the signals 
re^rd^—the ratio between Aq and the greatest ampli¬ 
tude attaiiied would be made as near unity as practicable 

w iS-c ^ possible the tuned signal 

KM.F. m the contest with distuned E.M.F.'s, particu¬ 
larly atmospherics? In •this connection it is important 


ivill register the spaces too short and there is danger of 
running successive marks togetlier. The be.st compro¬ 
mise can only be found by trial, and must depeiid <o 
Mme extent on the quality of ^le recording apparatus. 
In Pig. 6, fairly accurate Morse shaping wouhl he giv«!n 
by Aq = 0-60, but since easy legibility of llie rec.ml 
depends much more fin uniformity as between dot and 
dot, space and space, etc., than on tlie cl...sene.ss op 
reproduction of tlieir relative lengtlis in the Moree coilo, 



Fig. 6. 


to distin^ish between the. sensitiveness of the relav 
it' ot ti. redviog 

A X* t former is irrelevant, iSfeciause the relav* 
ttTl between desired signals and " jamming 

EM? II “ “WQrtant, for while the tuned siLal 
E.M.F. IS competent to make the amplitude climbt? 
tte operative value- Ao. an equally stelng E M? S 
other frequency ie not competent If on? • 

provided dth . good Mder ..vj „„ 


™ would 1» a „rofc.al.l.= 
A \ recorded with 

across th! ® Ibies drawn 

with tliem the true Morse-shaped transniitlcd 
signals axe shown just above. 

nSF-??fin .corresponding curves are drawn for 
" . ~ ^ ^ 8 for n8.T.« I .<»o. Ill Piir 7 

t IS seen tliat good uniformity cannot be obtained iith 



&dS°S5oSs^ aS! 


^vi4 “Stained 

unequalfirstand second dots if 

unequal first and <!P<'gvr„i ^ seriously 

Signals, for ^o<0-7n. Tho 

Fig. 8 no approach to eurves. In 

whatever valS? is given to obtained, 

j3) Minimum permissible value 0 /nST.-It has been 

ma-rfpulSfo®' SlSfC wiva,":! '•>' 
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seen that the shape of the arrival curves is a function 
of nST alone, so that information as to shape gained 

Table 1. 


Wave-length 

Words per 

Decrement 
for nBT =» 2 

Decrements for lower 
sensitivities, S 

minute 






S « O’To So 

S = 0*50 

m 

1 000 

200 

0*0011 

0*0016 

0*0026 

5 000 

r 100 

0*0027 

0*0039 

0*0062 

\ 20 

0*00064 

0*00078 

0*0012 

20 000 

Vqoo 

0*011 

0*016 

0*026 

\ 20 

0*0022 

0*0032 

0*061 






from a few trial curves such as Figs. 6, 7 and 8 is general 
for all wave-lengths, decrements and speeds of signalhng. 


low speeds of signalling), as has been seen already with 
reference to Fig. 4. It is therefore necessary to ascertain 
the relation between the decrement and the magnitude 
of signal E.M.F. requisite to operate the relay. 

From Section (2) we have 

aE 1 - 

= = -s- 


Therefore 


I i.e. 


2nLAQ 


E 


= a X 


1 - € 




S s=»a 


1 ^ 


where 8 (being proportional to A()IE) measures -the 
sensitivity of the receiver, when its decrement is 8, 
to tuned signals of wave-length given by n and speed by 
T, On account of the shaping of the signals we have 



Where precisely to draw the line must be somewhat a 
matter of personal judgment. It is quite clear, however, 
that w8,T “ 1*0 is too low, that nST = 1»5 is far 
from perfect, and that ?t8T = 2-0 would give very 
readable signals. For the purpose of this paper, 2 is 
taken as the minimum permissible value of nZT for 
any wireless recording, and this is done without reference 
to sensitiveness. On iSiis basis, however strong the 
transmitter, nZT must not be less than 2 if good signals 
are to be recorded, ^ A few selected sets of values of ; 
wave-length, speed and decrement for wliich nhT =* 2, 
are given in the first three columns of Table 1. 

(4) Power and speed of signalling ,—Table 1 illustrates 
how, for any specified wave-length and speed, we are 
limited in reducing the decrement of the receiving 
circuit by consideration of the shaping of the recorded 
signals. That as low a decrement as the shaping will 
allow is desirable, despite the modem faciUties for 
almost unlimited amplification, is obvious when we 
reflect that the amplitude produced by an atmospheric* 
or a distuned interfering signal is almost independent 
of the decrement, whereas the amplitude from the 
tuned signal E,M,F. increases as the decrement is reduced. 
The signal effect, however, is not linearly proportional 
to the recipro<?al of the decrement (except at indefinitely 


found that nBT must not be less than 2, so tliat^'tlle 
optimum sensitivity is 


/So = a 




Therefore 


2l(nT) 

1 — 

0* 43 nS‘T 


0-43 anT 


This ratio 8I8q (viz. ratio between actual sensitiveness of 
receiver axjfi sensitiveness when the decrement is re¬ 
duced to its minimum permissible value at that wave¬ 
length and speed), is plotted as a function of nST in 
Fig, 9. At any given wave-lengtlv and speed, a 
decrement lower than 2l(nT) gives bad shaping, while 
any higher decrement reduces the sensiti^/’eness ter a 
fraction shown by the curve. 

Witli the aid of Fig. 9, we can extend Table 1 to show, 
in the several numerical examples taken, the higher 
values of the decrements which reduce the sensitivities 
8 from the optimum 8o to (say) 75 per cent and 
50 per cent of /Sq. This, is done in the last two 
colunfms of Table: 1. 

To attach correct impottance to the fall in 8 as the 
decrement is raised, it must be remembered that the 




SPEED IN WIRELESS RECEPTION. 


197 


power required at tlie transmitter is proportional to 
the square of 1/8, The minimum power, Pq, which 
, at any given wave-length is competent to give a certain 
speed of working, is therefore proportional to the square 
of that speed, for 

•. Po<«(l/^o)2 


ocf— i—y 

KO-iZanTJ 


Some of the results at which we have arrived may be 
presented in numerfcal form by tabulating the relative 
transmitter powers for varicms speeds of signalling at 



several specified constant decrements. Tins is done in 
Table 2 for the three wave-lengths already used in 
Table 1. The figures are aiTived at as follpws. At 
any one wave-length let P be the transmitter power 
producing in the receiver the E.M.F, E, which excites 
the oscillation actua-ting the relay when the amplitude 
Ao is reached. Then 

Pocj;2 

« (sayV 

where^JiC^is the transmitter power which produces 
unit E.M.F. in the receiving circuit at the particular 


wave-length. X is a factor depending upon the trans¬ 
mitter, the propagation between the stations, and the 
receiving aerial; it varies (in general) with the wave¬ 
length, but is independent of^^the speed of signalling 
and decrement of the receiver. Now we have seen that 


rr >1- 8 


Therefore 

P« 




. 2ni\2 , 

X — ) 


a / (1 - 


Pi 


( 0 ' 01)2 ^ (1 - 


where P^, the power required for low speed at 8 = O-OL 
is used as a convenient arbitrary standard of reference. 


-P I04S2 

P, ~ 

1 - €- —) 

where w = speed in ' words per minute = 1 • 26IT,* 
From this expression the values of P/Pi given in Table 2 
have been calculated for speeds between 6 and 200 
words per minute at the three decrements 0*01<? 0*003 
and 0*001. 

(6) Summary and discussion of results ,—^We have seen 
that with long waves and fairly high speeds of signalling 
on the Morse code it may readily happen that the 
received current amplitude is far from the sensibly 
" square-topped '' shape met with in land-line telegraphy 
and in early wireless practice; that the shaping depends 
on the product nhT only, and that n&T '= 2 is about 
the border line between bad and good shaping. At 
any wave-length, therefore, the higher the speed of 
signalling the higher is the smallest permissible decre¬ 
ment. The sensitivity, 8, of the receiver (to the tuned 

* Based upon the conventional standard five-letter word “ Paris.” 


Table 2. 


X * 

pecrement 

&£ax. speed 
{nST « 2) 

j F/Pj at the following speeds (w.p.m.) 

5 

10 

•• 

20 

50 


200 

Maximum 

<«ap*2) 

m 


■Mi 

w.p.m. 







■Hi 

1 

r 


1880 

1*00 

1*00 

1*00 


1*00 


BB|H 


1 


566 

0*090 

, 0*090 

0*090 

0*090 

0*090 



1 

1 


188 . 

0*0100 

0*0100 

0*0100 


0*0105 


0*0134 


r 

o*ai 

380 

1*00 

1*00 

1*00 


1*00 


1*34 


1 

0*003 

112 

0*090 

0*090 j 

0*090 


0*114 


0*121 

1 

1 

^ 0*001 

38 

0*0100 

0*0100 

0*0106 

[0*0166] 

[0*036] 


0*0134 


r 

0*01 

94 

1*00 

1*00 

1*00 

1-04 

[1*39] 


1*34 


1 

1 

0*003 

28 ! 

0*090 

0*091 

0*102 

[0*198] 

[0*49] 

[1-61] 

0*121 

1 

L 

0*001 

9*4 

0*0105 

[0*0139] 

[0*027] 

[0* 104] . 

[0*36] 

[1-24] 

0*0134 


P = transmitter power at speed and decrement stated. 

Pj transmitter power at low speed with 8. = 0 * 01 at wave-length stated. 

Figures in brackets are for speeds higheor than the m^mum for good shaping (nSP 21. 
VOL. 62. 14 
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continuoiis-wave signal E.M.F.), instead of 
sensibly inversely proportional to the decrement 8 is 
found to be a function again of rST, viz. 



^and similarly the transmitter power, P, required, 
instead "^of being sensibly proportional to 8^, is 

Poc— 

Since, however, nhT may not be less than about 2 
(and then 1/(1 == 1-34), it follows that, with 

any specified wave-length and decrement, the power 
required to give the maximum speed is oidy some 
34 per cent higher than the power for indefinitely low 
speed. It is, however, already a common experience 
in wireless operation that higher speeds sometimes 
require much higher power, and this is explained in 
the terms of our analysis by its implication that at a 
given wave-length the same decrement should not be 
used for low and'high speeds. A rise in speed calls 
for a rise in decrement, to preserve the shaping; and 
it is ttiig accompaniment of the augmented speed which 
is mainly responsible for the increase of power required. 

It has been assumed that the signal E.M.F. impressed 
in the low-decrement receiving circuit is of sensibly 
square-topped shape. This cannot in fact be the case, 
because inertia phenomena we have been studying 
at the receiver must also occur at the transmitter, 
though probably in less pronounced degree. The effect 
of the neglected transmitter inertia could probably be 
^owed for fairly accurately by applpng a suitable 
fractional multiplier to the actual receiver decrement; 
thus if we find, with square-topped incoming E.M.F., 
that n82’ may be reduced as far as 2, with the actual 
E.M.F. the corresponding minimum permissible value 
would certainly be greater than 2 (though probably 
less than 4). 

Most receivers comprise more than one circuit tuned 
to the signal, e.g. the antenna followed by one or a 
succession of circuits associated in series. Usually one 
circuit has its decrement maintained much lower than 
the rest, in which case our analysis may be applied with 
substantial accuracy to^at circuit. Where, however, 
a succession of two (or more) lowly damped circuits is 
used, even a square-topped E.M.F. in the antenna may 
produce in the second (and subsequent) lowly damped 
circuits an E.M.F. far from square topped. The present 
single-circuit analysis is then not accurately applicable. 

The bad effect on the shaping of the recorded signals 
of the too large residuum of amplitude at the end of a 
space suggests two ways of improviijg the signalling 
conditions. One is to -transmit a curbing signal during 
the whole or part of a space, the transmitted dot or 
dash being ended, not by mere cessation, but by a 
change of phase of 180° in the aerial oscillation. This 
would be somewhat analogous to curbed-signal working 
in submarine cables. The idea might be carried further 
in making the latter part (or the whole) of the transmitted 
dash weaker than the dot, so as to reduce or remove the 
inequality between and A (Fig. 6). Another form 


of curbing, easier to accomplish though perhai» less 
effective in theoretical possibilities, may be applied at 
the receiver. This^method is examined in Part II of 

the paper. . 

Thus far only the recording of Morse signals by som 
form of relay has been mentioned. The receiver tran¬ 
sients at the beginning and end of a signal are in some 
circumstances of vital importance, also in the low-speed 
reception of Morse signals, and-obvicusly in telephony. 
When a receiver is so fitted up that very fine control 
of tuning and retroaction is obtained, the decrement 
be pushed to and held 'at so low a value that marked 
ringingof the .signals lieard in the telephone is 
observed, even at wave-lengths of only a few thousand 
metres. However low the signalling speed may be, 
the bad definition at the beginning and end of the dot 
or dash so distresses -the ear of the operator that further 
reduction of decrement, despite some increase in 
signal strength, does not help him to distinguish the 
signals. Measurements of these very low decrements— 
which are not easy to determine experimentally—are 
now in progress at Cambridge, and will, I hope, be 
published shortly. 

Part n.— Receiver Curbing. 

(6) The process of curbing ,—^When once the amplitude 
during a dash has reached the operative value Aq, ^ 




nothing is gained by allowing it to rise further; while 
in so far as it does rise further the residuum at the 
end of the subsequent space becomes more trouble¬ 
some. Since the relay closes or opens a contactr'as 
soon as the operative amplitude is reached, it is feasible 
to make it introduce automatically at this dnstant 
addi-tional impedance—^preferably resistance—^into the 
circuit, so curbing further growiii of amplitude. Thus 
in Fig. 10, LC is the low-decrement receiving circuit, 
and contains a resistance, R, which is short-circuited 
when the ^telay spaces but is not short-circuited when 
the relay marlcs. As soon, therefore, as the operative 
amphtude has been reached, further growth is checked 
by the increase of decrement introduced by R; ^nd if 
R is of suitable value the amplitude can be thereafter 
maintained at or just above the operative, amplitude, 
and this whether the mark constitutes a dot or a dash 
of any length. The amphtude then follows the curve 
OAB'C' (Fig. 11) instead of OABC, and the conditions 
during -the space following a dash are no different from 
those during the space following a dot. The advantage 
as regards unifonnity is obvious. 

If the curbing action is suitably prolonged, so that 
the resistance R (Fig. ID) remains in circuit during a 
considerable part of the space following the mark. 
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there is the further advantage that the amplitude falls 
more rapidly during the space than it otherwise would. 
It would be possible to arrange fbr this in Fig. 10 by 
utilizing well-known devices to make the relay dwell 
on its marking contact, and providing a separate relay 
for actuating the recorder; but other methods, of the 
type described with reference to Fig. 16, are also feasible. 

(7) The improvement obtainable .—The improvement in 
terms of speed •and power conferred by curbing will 
be greatest when4:he amplitude is curbed precisely to 
the operative value .do; yrhen the decrement of the 
circuit apart from* cuij)ing is negligible; and when 
the added decrement is retained throughout sensibly 
the whole of the space. Retaining, as in Section (2), the 
symbol A for the uncurbed amplitude at the end of 


during the curbed part of the mark 
A := Aq: 

and during the space ^ 

A = 

where i is measured from the beginning of the spav;o 
and 8c == l/(anT). 

When a *-=0-60, our test letter is .shown in 

Fig, 12; and when a = 0*76, in Fig. 13. The signals are 
clipped as regards the marics; for with this curbed 
working the ends of the marks synchronize prcci.sely 
\vith the rise of the key at the transniittcr, wheresus 
the beginnings are necessarily delayed. But, as alre;uly 
pointed out in reference to the uncurbed working, this 



a^dot, do » ad, and writing for the decremeni 
introduced by the curbing action, we have 

1_€— 


= f. 


■" I 2nL 
oL ^**0 


: - T 

2L 

aE„ 




Now to keep amplitude constant at do after curbing 
begins, 8^ must be given the value making 

m • 

E 1 — e-nW ^ 


■ 2nL8c 


Therefore 




E 


2nLAo 

E 


During growth, therefore, A = —t 

2L 

where t is measured from, the beginning of the mark ; 


does not impede the reading of the tape; the shortening 
is the same in absolute amount for dot and dash; ami 
moreover, the dot as recorded could be lengthened 
artificially if desired.* 

The higher a is made, the greater is the sensilivi ty 
of the receiver, but the more pronounced becomes the 
discrepancy between a first and a .subsseeptmt dot. 
For the purpose of comparison with uncurbed working, 
some examples of uncurbed and curbed records, judged 
of equally good quality, must be compared. For this 
purpose Fig. 6 and Fig. 12 are taken as equally good 
and of high quality, and Fig. 7 and Fig. 13 as equally 
good though of poor quality. * 

For Fig. 6 we found [Section (4)] 




0-303 T 


{because ttST == 2 and a «== 0*70) 

to reOttct that Morso slgimls wouhf th«*or«tlcal|y Imj vitv 
determinate even if nothin/; were hriowii qf them exrrnt tliV* 
jn tant of termination of each mark; the only iunbi/rnity tieini; that 4 itiiiLs of 
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For Fig. 12 we have found 

~= 2nL X -h = 2T X 
Aq CnT 

(because a = 0 * 60) 

lienee for equal speeds 

"'power, uncurbed _ / 0* 60 

power, curbed \0-303y 


0-60y 


If it is ndt practicable in any particular case to obtain 
such a low decrement as is sensibly equivalent to zero 
according to the abfive relation, a correction for the 
divergence of the two lines in Fig. 14 should be applied. 
Thus at 100 words per min. when A == 6 000 m if, for 
example, 8 = 0-001 instead of zero (or < 0-00035), 
the E.M.F. would have to be increased 


0-60 nSF 


= 1-24 times 


or for equal powers 

speed, curbed _ 0’ 60 _ 2. o 
speed, ^uncurbed 0 • 303 

Xaldng good signals in each case, therefore, the curbed 
regime shows a marked superiority over the uncurbed. 

The comparison between Fig. 7 and Fig. 13, calcu¬ 
lated in precisely similar fashion, is as follows. For 
equal speeds 

power, uncurbed __ /0-75\^ ^ ^ ^ 
power, curbed \0-39/ 

and for equal powers 

speed, curbed _ 0-75 _ ^ ^ 
speed, uncurbed 0*39 

Hence, comparing equally good signals of inferior 
quality, nearly the same superiority is shown by the 
curbed over the uncurbed regimes. 

(8) Application to working conditions .— In actual 
working it is not possible wholly to satisfy either of 
the ideal conditions assumed in the last section; viz. 
zero decrement until the curbing is applied, and curbing 
retained during just the whole of the space between 
marks. The importance of these practical departures 
from the ideal regime is now examined. 

During a mark before curbing the amplitude grows 
with time as 


whereas if 8 = 0 it grows as 

These two growths are plotted in Fig. 14. The 
amphtudes diverge considerably—say by more than 
S per cent—only when n8t exceeds (say) 0-156. If 
tte operative amplitude is reached at i = O-OOT as 
in Fig. 12, the divergence is thus unimportant if 

nS X 0-60T <0-165 

i-e- ifS<L!? 

nT 

Hence at (say) 100 words per minute {T = 0-0126 sec.) 
there is no important distinction to be made between 
decrements of zero and 

0-00007 when A = '1 000 m 
0 - 00035 when A = 5 000 m 
0-0014 when A = 20 000 m 


that is, the transmitter power would have to be increased 
(1*24)2 =: 1*54 times, so redifcing the ratio (power, 
uncurbed)/(power, curbed) from 4-0 or 3-7 to aliout 
2-5. It may well be that with wave-lengths such a.s 
5 000 m and under, it is not feasible to use the in¬ 
definitely low decrements, and some such allowance is 
necessary. But with long waves, such as 10 ()()() m 
and upwards,' the indefinitely low decrements of the 
ideal regime seem to be realizable. 



Fig, 14. 

The retention of full curbing throughout sensibly 
the whole of the spacing epoch between marks does n<»^t 
present much practical difficulty, and one way of effecting 
it electrically is shown in Fig. 15. When the amjIlitiKie 
in the oscillatory circuit LC has grown to the operative 
value, the relay tongue moves from S to M. W'hile 
it was at S the grid potential of the curbing triode was 
— hi (where 6i is the E.M.F. of battery which 
is sufficient to prevent the coupling from introducing 
any damping into LC. On contact being made between 
tongue and M, the grid potential immediately rises 
to — (hi — 62), thereby allowing anode •current tcjjlow 
in the curbing triode and damping LC to an extent 
controllable by When the incoming signal ceasem, 
the tongue returns to S, and the potential of the grid 
falls towards — hi according to the expression 

— {hi — 62 ) 

These changes are portrayed in Fig. 16. A transmitted 
mark starts at O and ends at B. At A the relay moves 
to mark, and at B returns to space. During the space, 
full damping obtains from B to C, because the triode 
is operating on the straight, steep, part of its charac- 
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teristic curve. From C until the end of the space D 
there is a short transition epoch corresponding to the 
change, FG, of grid potential. VS^en the grid potential 
is lower than OG, the damping is sensibly nil. At D 
the transmitter comes on again, actuating the relay 
anew at E. By making both bj and &2 enough, 
we cause the transition range FG to be swept through 
as quickly as desired. 

With any chcysen \^ltages 6 i, 62 and 63 . the grid is 
made to pass through the transition range of potential 
FG at the right ti&e by adjustment of the time-constant 
CiEi. This, therefore, is adjustment which must 
be altered when the spdfed of signalling is altered, but it 
depends on that alone. Thele is pne other adjustment 
dependent on the speed of signalling, viz. the mutual 



potential fall from *0 to — 15 V in timeT (from B to 
D in Fig. 16). At 100 words per minute, therefore, 

- [120 — 120 6-0*0125/(CaJli)] = _ 15 

i.e. 0-Q125/(Cii2i) = 13 

or OiBi = 0‘ 1 (say Ox = 1/iF and Ri = 0* 1 megohm). 

The time CD covering the range FG = 6 V is then about 
0*004 sec,, which is probably sufficiently brief.* 

It is not suggested that ^e particular arrangement 
of Fig. 16 is the best means of realizing the curbed 
regime we have studied; it illustrates one of various 



inductance which must be set to give the correct 
damping 



In "Fig. 16 is shown for the sake of completeness a 
retroaction triode with variable mutual inductance 
M 2 for reducing the uncurbed decrement of LC to a 
suitably low value. The rectifier shown without detail 
would, of course, ordinarily be a thermionic triode 
rectifier, wifli some form of amplifier between it and 
the relay. The six batteries B^ ... Be are all shown 
separate for the sake of simplicity of diagram. In 
practice only Ahree batteries would be wanted, viz. 
{B 2 = B 3 =s Bq) in common, (B 4 = B 5 ) in common, 
amd Bj. •If the well-known ** R pattern of triode 
were used, suitable voltages might be about 

62 « 2^3 =*= ^6 = 120 V 
64 » 65 =» 3* 6 V 
bi = 120 V 

With these values, the transitional grid-potential 
range FG would be about — 10 to — 16 V, so that the 
timP-constant OiBx would be adjusted to make the grid 


possible means to. that end. The various relaying 
and recording devices already applied to cable telegraphy 
would provide alternative schemes. The author’s 
primary concern in Part II of the paper is to point 
out that the curbed regime offers important advantages 
over the uncurbed, and appears to be a practicable 
system. Despite the difficulties introduced by atmo¬ 
spheric disturbances and opacity—^in some degree, 
because of them—^the wireless art is now reaching a 
maturer stage , in which the working speed is becoming 
as direct a measure of the worth of a , wireless route as 
it is of the worth of a cable route. The time is ripe, 
technically and economically, for higher speeds. It 
may w;ell be, as Dr. Eccles has recently suggested, f 
that this advance will ultimately involve a radical 
change in the type of signal transmitted; meanwhile, 
leaving the costly transmitter as it is, we shall do well 
to procure from the humble receiver the best service 
that an understanding of the latter's functions can 
command. 

I 

* The presence of full damping during the final stages of the is, of couree, 

of less consequence than during the initial stages. Thus in Kg. 32 the fall in 
gnpli^le during the first fifth of the space is 0*170, and during the last fifth 

t ” Studies from a Wireless Laboratory ”: discourse delivered at the Roval 
Institution, l$th April, 1923. 
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Discussion before the WireIess Section, 6 December, 1923. 


Major A. G. Lee: The paper comes at-a very 
opportune time, seeing that the problems of high-speed 
wireless telegraphy are v6ry closely associated with the 
successful commercial operation of high-power stations. 
The practice has grown up, following the lead set by the 
American group of telephone engineers, of referring 
to a receiver in terms of the width of its resonance 
curve or band. This bears a definite relation to the 
opemtion it has to*^ perform, viz. the reception of a 
carrier wave, modulated telegraphically at a certain 
speed. It rnay, therefore, be of interest to compare 
this view-points wj^th that outlined in the paper. It 
is well known tlmt a square-topped telegraph signal 
c&n be resolved into a Fourier series consisting of a 
fundamental sinusoid together with a number of har¬ 
monics. If, now, we neglect the harmonics as being 
relatively unimportant and suppose a carrier wave 
to be completely modulated by the fundamental of tlie 
tdegraph signal, we obtain as the product the carrier 
wave together with two side frequencies, each differing 
from the carrier frequency by the amount of the funda¬ 
mental of the telegraph signal. In order to receive 
this signal without appreciable distortion, the receiver 
must h^ve a resonance curve wide enough to admit 
a band equal to twice tljat of each side band. If the 
dot frequency of the telegraph signal is 1/(22’), the side 
frequencies wiU be n + and n - [1/(22’)1, and 

me width of band necessary for approximate distortion¬ 
less reception will be 1/T. Now »i8 is twice the width 
of the resonance curve at the point where 7 0 • 54/ 

~ neglecting harmonics 

of the fundamental, which will to some extent contribute 
to the shape of the received signals, tliis criterion that 
the receiver should have a band width of 1/T is the same 
as the author's condition of n8T « 2, for the case 
where the width of the resonance curve is taken at 
/ = 0-644. Modern receiver practice tends towards 
a vertical-sided resonance curve, so as merely to include 
the side-band frequencies required and nothing else, 
^d in practice there is considerable departure in shape 
from the theoretical resonance curve given in Fig. 3, 
which has a narrow top and wide feet. There may be 
soine advantage in having a receiver with two peaks 
mth a hollow in the middle, as this would compensate 
to some extent for the distortion produced by the 
antenna resonance curve at the transmitting end. 

It is well known that if one has a multi-stage tuned high- 
frequency amplifier, or a multi-stage tuned note amplifier 
the more stages one adds the narrower becomes the 
resonance curve of the whole apparatus. If one could 
start off with a square-topped wave in the transmitting 
antenna, the^ receiver may reduce its band to l/T, but 
in practice tlie low-decrement transmitting antenna 
comes in as part of the chain, starting from the square- 
top^d telegraph signal at the transmitting key and 
fimshmg at the receiving telephone. With the low- 
decrement transmitting stations in use at the present 


words, the narrower we make the band received the 
more distortion there is. Therefore, if we have distor¬ 
tion at the tra nsmi tting end, the receiver must have 
relatively 1^ distortion, so that the overall distortion 
comes within the allowable amount corresponding to 
the author’s criterion of nS2’ = 2. The disadvantage 
of wdening the receiver band is,that ^atmospherics are 
let into the chain at an intermediate point, viz. between 
the transmitter and receiver, and Ifence do not have 
the whole battery of low decrements available against 
them. It is not, perhaps, snffidiently widely recognized 
that by the use of differeilt marking and spacing waves 
the transmitting antenna caii be made to change instan¬ 
taneously at full amplitude from one frequency to 
pother, giving the much-desired square-topped wave 
in the antenna. The use of this S 3 rstem would permit 
of a narrower band, being employed at the receiver, 
with consequent greater selectivity against atmospherics! 
The suggestion to employ curbing at the sending end, 
or to signal by change of phase of 180 degrees, is of 
interest. I considered this proposition some time ago, 
birt came to the conclusion that there were many 
difficulties, and that the current in the antenna would 
not present the square-topped outline that it does wnth 
the markmg and spacing wave S 3 rstem. In any valve 
transmitting system in which the aerial is allowed to 
have any couplings whatever with the master oscillator 
It will control the frequency of oscillation to some 
phase of this control is altered by 
180 suddeffiy, violent frequency ana.ampUtude fluctua¬ 
tions are liable to be produced. With regard to the 
suggestion Jo employ curbing at the receiving end, I 
am rather doubtful as to its effect, because the wireless 
problem differs from the cable problem in that atmo¬ 
spherics are present as ^vell as signals. In the curbing 
S 3 ret^ proposed, the decrement is increased over a 
coiwiderable portion of the telegraphic cycle, a proc&s 
wmch inherently renders the S 3 rstem more liable 'to 
atta<* from atmospherics. An alternative form of 
curbing would be to put the whole system out of action 
mom^tarily at the conclusion of a mark, by short- 
orcuiting all the condensers of the set, after whiqh the 
receivCT would resume its normal low-decrement opera¬ 
tion. On one point mentioned by the author, viz. the 
coMtancy of transmitter frequency, I should like to 
add some details: For a speed of 100 words per minute 
a ^d width of 80 periods for the whole chain (trans¬ 
mitter to receiver) is necessary. Now if the transmitter 
vanes m mean frequency the r^ver has to be tuned 
mth- a wider band to aUow for these variations. I 
have had measurements made of the variation of 
frequency of existing stations, and find that the varia- 
twns are approximately as follows, dependi^ to some 
6 en ^ upon wind and weather conditions at the 
transnutting station:_ 


to 2 or 3 stages m this chain, so that for a given 1/T 
the receiver hand has to be widened considerably to 
^low for the fact that part of the low-decrenient effect 
has been used up at the transmitting end. In other 


Most-constant alternators .. 
Less-constant alternators .. 
Separately-excited valve sets 
Plain aerial valve sets 
Plain aerial arc sets 


Variation in 
frequency, p.p.s. 
10 
30 
30 
60 
160 
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The handicap due to this cause in receiving^ 100 words 
per minute is fairly obvious. There is no reason why 
the separately-excited valve set should not improve 
upon the figure given, but it demands perfect screening 
of the master oscillator from the efiects of the aerial 
swinging! as well as good design in the oscillator itself 
and the voltages supplied to it. Another cause of 
variation in width of band in the case where note tuning 
is employed, lies in thejocal heterodyne at the receiving 
end. . It is equally important that this shall be free 
from variation of‘:ffequency, and the causes of variation 
are the same as those afiectwig a transmitting oscillator. 

Mr. E. B. Moullin ; •The paper is very interesting 
to me because it imposes a lovTer limit on the decrement 
of circuits for which n and are fixed. Early next 
year I shall be reading a paper before the Wireless 
Section on '' Atmospherics and Their Effect on Wireless 
Receivers,'* in which it will be shown that for slow 
signalling the best way to reduce tlie effect of atmo¬ 
spherics is to reduce the decrement indefinitely. If 
the speed of signalling is taken into account, but no 
regard paid to the shaping, it can be shown that a circuit 
for which nS^ == 1 is about 40 per cent more immune 
from disturbance than one for which = 2, and that 
there is little to be gained by reducing nBT below, say, 
J. If nSr must be greater than 2, I think that the 
transmitter power will have to be increased by more 
than is calculated in the paper, in order that the signals 
may still hold their own against atmospherics. If, as 
the author suggests, the transient effect of the trans¬ 
mitter may force us to keep nST greater than 4, it 
will therefore necesritate a very great increase of power. 
It seems iahportant to examine whetlaer n8r is limited 
to 2 or 4, and I have attempted to calculate^how much 
the transmitter Will affect tlie shaping. As \ Jiave 
had no time to work out the problem in terms of the 
constflmts of the transmitter,'*! have supposed tliat the 
received E.M.F. is given by JE?(1—sin pt while the 
tr^mitting key is depressed, and by e « sin pt 

after the key has been raised. Botla the rise and the 
fall of current will then be delayed more than is 
CQjisidered in the paper. For instance, if nST equals 
2 and 4 for receiver and transmitter respectively, I find 
that the first dot leaves a residue which is 60 per cent 
greater than if tlie received E.M.F. had been square- 
topped : the dot is also more displaced and .^lightly more 
clipped. Transmitting antennas of recent construction 
have very small decrements ; nST may be approximately 
equal to 4 and then the shaping would not be good in a 
receiver for which nBT =2. A small transmitter decre¬ 
ment will necessitate an increase of power in addition to 
the 34 per cent^ which. has to be added because of the 
receiver decrement, for we must make the transmitter 
power su% 5 ient to force the transmitter current up to 
a specified amount in a given time. If nST = 2 both 
for transmitter and receiver, we should have to increase 
the power by 76 per cent in order to get operating 
signals, and we must then provide a further margin of 
power so as to obtain satisfactory shaping. The trans- 
iQoitter decrement must still be considered when we are 
using a f" curbed receiver," for even if its decrement 
is zero when uncurbed the current will not rise uniformly 
and, after curbin]g, it will fall at a rate that depends 


# .... 

mainly on the tfknsmitter. A great Improvement 
would be effected if we could curb the^transmitter. To 
obtain good shaping with the curbed system presented 
in the paper it may be necessary that the transmitter 
should have nBT >2, Muct? of the bad shaping is 
caused by the dash lasting longer than the dot: since 
the current rises to^a higher value during a dash than 
during a dot it leaves a much bigger residue on which 
to build the ensuing sign. If we shorten tfie trans¬ 
mitted dot I think that we shall get a received record 
which is a much ^closer approxirnation to standard 
Morse. I have shortened a dash from tliree units of 
time to two and have drawn out the letter " 1" as 
received in a circuit for which nST ^1^5 (see Fig. A)*. 
For' ease of comparison the record of Fig. 6 of the paper 
is reproduced in the upper part of my figure {the da^ 
of Fig. 6 has been reduced so as to bear the same ratio to 
the first dot as that obtaining in my record). The 
quality of the shaping appears to me to be equal to that 
of Fig. 6, and I think that tlie ratio of dot to dash 
malces it a better approximation to correct Morse. 
The clipped dash provides a simple method of lowering 
the limit of nBTJrom 2 to 1'5, and it is also equivalent 
to a certain increase of signalling speed. Many of the 
difficulties caused by transmitter and receiver decrement 



might, I feel, be overcome by transmitting dots and 
dashes of equal duration but on slightly different wave¬ 
lengths. Two receivers would be used, one for dashes 
and one for dots, and the two recorders would be 
arranged to mark in parallel lines on the same tape. 
If the change of wave-length from dash to dot or space 
is made small the transient effect at the transmitter 
will be very small, especially if the change can be made 
at the instant of zero curr^t. The average space 
between the marks on either receiver will be greater 
than with the present system and neither receiver is 
called upon to register marks of varying duration. 
The space between a dot and a dash is not required, 
and that combined with a short dash is equivalent to 
a great increase of speed. The letter " 1" as recorded 
with the suggested system wotild appear on the tape 
thus: ——* The letter "1" nows occupies 8 
instead of 12 units of time, and the word " Paris " will 
occupy 30 units instead of 41. I am of opinion that 
the system which I have outlined would permit of the 
use of very small decrements, and for a given decrement 
an increase of 26 per cent in the signalling speed. It 
may also be noticed that with low-speed signalling 
almost perfect secrecy could be obtained by widely 
separating the dot wave-length from the dash wave¬ 
length; even though the . dots of the desired message 
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could be picked up it would be ^necessary to seaxch 
through every other detectable message in order to 
pick up the missing dashes. 

Professor G. W. O. Howe : It seems a great pity 
that, having escaped frofh the serious limitations of the 
submarine cable by being provided with a medium 
and method of signalling which obviate all the troubles 
^due to the conductor resistance and the specific inductive 
capacity^ of the gutta-percha, we introduce very similar 
limitations by the design and operation of our receiving 
apparatus. On coiiiparing a figure like Fig. 8 wdth 
the ordinary siphon records from which submarine 
cable operators have to read, one would be inclined to 
call it a veryr gpod signal. Nobody looking at that 
curve could mistake it for anytliing else but an " 1.*' 
1 have sat here this evening the idea has been forced 
oh me that we are adopting a fundamentally wrong 
method of reading these signals in having to use non¬ 
proportional apparatus which is only operated by 
currents exceeding a certain limiting value. If we 
could only get that zig-zag signal of Fig. 8 reproduced 
in some way by some siphon recorder, even badly, we 
should still get signals enormously better than those 
that the submarine cable operators consider good. 
Those familiar with an ordinary submarine cable tape 
will kfiow tlaat the dots and dashes vanish entirely 
from the signal as recorded. The operator reading the 
letter '' h,*' for instance, sees no sign of the four dots. 
He merely knows that there were four dots there because 
there is a hump which looks about four dots long. 
It seems to me tliat research should be directed to the 
development of some recording apparatus which will 
work in a somewhat similar manner to the siphon 
recorder and give a record of the " humps in Fig. 8. 

Mr. J. E. Taylor; In Part II, in connection with 
curbing, the author proposes to introduce a resistance 
into the receiver circuit which is normally short-circuited 
by the tongue of a relay on the spacing stop. He says 
that it is necessary to bring the current up to the marldng 
value, and for maldng a dash, for instance, to retain it 
at that value until the dash has terminated. In my 
view it is not necessary to retain the current at the 
same value as that which is required to detach the 
relay tongue from the spacing stop. • In operating a 
relay a certain strength of current is required to throw 
the tongue over, but Usually a very much smaller 
current will retain the tongue on the marking stop. 

I think, therefore, that the author might very well 
allow his decremental resistance to become operative 
at the beginning of his signal. The delay action intro¬ 
duced in the diagram shown in Fig. 16 is, in my opinion, 
not really necessary. These considerations also lead me 
to think that it would be advantageous, in spite of 
the difi&culties at the transmitter, to try to do as mu ch 
curbing as possible at the transmitter. This would 
result in less expenditure in power, and, in addition, 
the tendency to interfere with other stations would 
be reduced. 

Mr. F. P. Best: Under the supervision of the author 
I have be n engaged on the investigation of the so- 
called " optimum decrement of a receiver ". under 
conditions which exist in ordinary low-speed telegraphy 
as received by an operatdr. In this investigation of 


the optimum decrement, experimental evidence alone 
must indicate the values to be expected, for it is not 
possible to apply mathematical analysis as in tlie case 
of automatic reception. The low decrements had to 
be produced in such a manner tliat they would remain 
constant for some considerable period of timei^-a thing 
not easy to accomplish. Not only had that to be done, 
but once having obtained these low decrements their 
measurement becomes a matter qf con^derable difficulty, 
because the decrement itself, where retroaction by means 
of a triode is used, varies considerately with the actual 
amplitude of the current in the Icvwr-decrement circuit. 
These two. difficulties were, however, overcome and 
measurements of this optimum decrement were made 
on six wave-lengtlis. The actual optimum decrement 
chosen is that decrement which makes the signal most 
easy for an operator to distinguish, and is, of course, a 
compromise between the actual loudness of the signal 
and the amount of ringing that can be permitted. The 
wave-lengths considered varied from 4360 m (Ongar) 
to 23 460 m (Bordeaux), and the optimum decrements 
ranged from about 0-0018 for Ongar to 0-0083 for 
Bordeaux. Thus if we select a rate of signalling of 
about 26 words per minute, which was approximately the 
rate at the moment these measurements were taken, we 
obtain a value for nST of about 6. That is to say, 
if an operator is to distinguish without mucli difficulty 
the signals which are being transmitted, a decrement 
cannot be allowed which will bring the value of nST 
lower than 6. Another thing that seemed worthy of 
notice in this investigation was the value of nS itself. 
The precise value of T above (= D-06 for a speed of 
signalling of about 26 words a minute) did not seem to 
make a grjat deal of difference to the value of n8 and 
probably if the speed of transmissioil* dropped to more 
than half that rate the decrement could not be appre¬ 
ciably lowered, since a5>peared tliat below a eertain 
fixed decrement (dependent upon the wave-length) 
the amount of ringing made it quite impossible for 'the 
operator to distinguish the signal, however low *the 
speed of transmission might be. Jhis value of nST 
compares unfavourably witli the figure of 2 suggested Jby 
the author; but when it is remembered that in the case 
of the relay we are dealing with an almost ph 3 ieically 
perfect instrument, and that in the case of the ear we 
are dealing with an instrument not by any means 
physically perfect, this discrepancy is not to be 
wondered at. 

Mr. R. E. H. Carpenter: I entirety agree with 
Prof. Howe that the signals which the author regards 
as unrecordable are very excellent signals indeed. It 
does seem remarkable that with this jstriving after a 
low value for nST the expedient of using a proportional 
recorder not working between fixed stops hgs not been 
mentioned by the author. I have already emphasized 
here the importance, in my view, of using such a recorder 
from the point of view of discrimination between signal 
and atmospheric. If one uses a proportional amplifier 
and a recorder which is also approximately proportional, 
and gives some approximation to a time/current graph 
of what is being obtained from the receiver, one can do 
a . very great amount of visual discrimination between 
signal and atnxospheric on the tape. The present, paper 
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seems to me to bring out clearly a further ^advantage 
of such a recorder. 

Professor E. W. Marchant: I^have had the oppor¬ 
tunity of seeing Mr. Best’s results, and I think that he 
has left out one most interesting thing in his contribution 
to the discussion. Not only has he managed to deter¬ 
mine the optimum decrement, for the twd stations that 
he mentioned, but he has also obtained them for three 
American stations. # 

Mr. C. F. Elwell: Before the days of the triode, 

I was using on some high-speed work a system known 
as the Pedersen system. ThM system was quite capable 
of transmitting and rect)rdi^ 200 words per minute, 
and it inight be of interest if I gave a r6sum6 of how 
receiving was done, in view of this figure of nST. The 
receiver consisted of the ordinary oscillating circuit and 
a detector which con^sted of a piece of graphite, 
usually lead pencil, and a piece of galena. The received 
current passed through an Einthoven string galvano¬ 
meter consisting of very fine gold wire, part of which 
was smoked in order to give a larger shadow. The 
movements of the wire were recorded on photograpliic 
tape, and we carried out tests up to 200 words a minute, 
at wave-lengths of 2 000 to 8 000. The signals were 
quite square-topped when there were few atmospherics. 
The Pedersen system had to be entirely abandoned 
because we could not eliminate atmospherics. We 
later employed the three-electrode amplifier, which 
was developed about 1911, and did^our recording on 
the telegraphone, another invention of Poulsen. The 
use of some of this old apparatus might be revived in. 
view of the attempts to-day to get really well-shaped 
high-speed "wireless signals. 

Major H.. P. Ti Lefroy : It seems to tljat the 
author is rather pessimistic in regard to possible speeds 
of signalling with circuits of normal damping. In 
1919 the Signals Experimental ^^Establishment worked 
from Aldershot to Woolwich at a speed of 700 words 
per minute, on a waverlength of about 1 000 m, and the 
signals were clear. For such a high speed the type of 
recorder used was one of those in which the receiving 
tape, impregnated with a compound of iodine, changes 
its colour when the received signals cause current to 
pass through it. With regard to very long wave¬ 
lengths, I have found no difficulty in worldhg at a speed 
of 240 words per minute on a 50 km wave-length. 
That speed indicates a very high damping factor, if we 
use the author's formula nST = 2, viz. S 0-067, 
which, since‘•the inductance of the tuned ^circuit was 
about 0-5 henry, indicates an effective resistance of 
about 400 ohms; but such a resistance seems improbable, 
in view of the.,fact that, whilst desired signals were 
being recorded faultiessly on the tape, the receiving 
cUcuit wasi^exposed to severe interference from Wheat¬ 
stone automatic. The recorder that I was using then 
was of the trigger-amplifier t 3 q)e, which appeared to 
be a good type to use, because it was possible, by trial 
and error, to adjust the bias of the relay in such a way 
that the space (on the tape) for a “ dot ” and for a 
** space was the same, and, when so adjusted, clear 
signals were recorded ; by this method only the crests 
of the signals are recorded, and the curves of growth 
and of decay are not shown on the tape; I have been 


much impressed witfi the extraordinary parallels between 
the ideas in the present paper and those in Mr. Suther¬ 
land's contribution to the discussion on " Loud- 
Speakers " on the 29th November last at the Joint 
Meeting of this Institution and the Physical Society. 
Mr. Sutherland showed a graph of the sequence of 
syllables, in conniption with reverberation and the 
absence of damping in a room. That graph was prai^ 
tically the graph shown on pages 195 and 196 of the 
present paper. He pointed out that, if a room is not 
sufficiently damped, the number of words per minute 
must be reduced to suit that room. He also pointed 
out how useless it was to increase the intensity of speech 
if a room was not sufficiently damped^ to both of which 
ideas the author has been c^ling attention this evening 
in connection with high-speed signalling. 

Professor G. L. Fortescue {communicated ): To 
anyone who has. given any consideration to the prob¬ 
lems of high-speed reception the paper is full of interest. 
But I think that although little has been published on 
this subject, far more work has been done than the 
author's opening remarks seem to imply. I believe 
that experiments were carried out some years ago in 
which the resistance of a receiving circuit was so far 
reduced that hand-speed Morse was unintelligible 
with a wave-length of 15 000 m. Telephony practice 
has led to many people looking upon this problem 
from the '' side-band " point of view, and this im¬ 
mediately suggests that one way in which it might be 
possible to use ultra-selective circuits would be to work 
with only one “ side band " and to supply the " carrier 
wave" at the receiving station. The author has 
assumed an incoming signal of sinusoidal form, whereas 
actually it must be one of gradually increasing amplitude. 
This does not appreciably alter the numerical results 
with the low-decrement circuits. There is one aspect 
that the author has not considered, viz. signalling by 
very small frequency-changes. It would appear that 
the difficulties in the way of using very low decre¬ 
ments would be still more serious than in the case 
assumed in the paper. Finally, I should like to ask 
what is the object of using circuits of decrement 0*0001. 
The adjustment of the reaction is* infinitely difficult, 
tlie gain in signal strength is unimportant and the 
immunity from shock interference is not large. In 
fact, the incoming signal is already a “ shock " to such 
a system. 

Mr. L. B, Turner (in reply ): Several points have 
been raised in more or less similar form by more than 
one speaker, and I shall deal with these first. It is 
suggested that I have overstated the difficulties of 
high-speed wireless recording in that I have investigated 
the case of relay rather than siphon recorder working, 
and that my assessment of 2 for the border value of 
nST between good and bad recording is too high. Now 
the paper makes no pretence to determine actual values 
of power required or speed obtainable in any particular 
case, but it investigates how power and speed depend 
upon damping and upon each other. Just as the 
practical performance of a submarine cable must be 
worked out by calculating arrival curves,*^ so, I point 

* A$ done in Dr. W. H. Malcolm’s admirable Theory of the Submarine 
Telegraph and Telephone Cable *’ tBenn Bros., 1917], 
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out, must 'rt'e endeavour to detSnnine what corre- 
spends to these arrival curves in the wireless receiver. 
These curves are found to depend upon the product 
nSjT, and the three examples given in Figs. 6, 7 and 8 
may be used in estimatiSg the performance in all cases 
where this product has the assigned values. This is 
so whether the recorder is of the prc^ortional type often 
rsed in ^ble telegraphy, or whether of the relay type 
always used on land Unes, often used on cables, and 
at least hoped for by wireless engineers who are (like 
myself) optimistic enough to look for high speeds and 
automatic re-transmission. 

In common with Prof. Howe, I lament the appear¬ 
ance of inertia effe.cts in modern wireless. I agree with 
him and with Mr. Carpenter that a proportional recorder 
^uld often give readable signals when the relay signals 
vdiich I have specially investigated would not be read¬ 
able (or automatically re-transmissible). Of Fig. 8 
(for nST = 1) I did not write, however, as Mr. Car¬ 
penter suggests, that it represents unrecordable signals, 
but that " no approach to uniformity can be obtained 
whatever value is given to Aq** I set my standard 
of shaping " at nST<l 2; I think it would distress 
a land-line telegraphist (whom wireless engineers should 
try to jgilease) if it were put much lower than 2. It is 
open to anyone, however, to adopt any other figure 
he may find appropriate to his particular recording 
instrument, and still utilize the analysis that I have 
given. Let him not forget, however, that he has to 
cope with atmospherics with which my too-excellent 
curves are not d^led. 

Major Lee and Prof. Fortescue refer to the “ side¬ 
band view taken by wireless telephonists, and the 
former definitely applies this criterion of distortion 
to Morse signaling. Now while telephone theory has 
commonly contented itself with analysis of the steady 
state—admittedly often far from reality, but yielding 
tolerably good practical rules as regards volume and 
clarity of speech signals—^it is not possible to regard 
Morse signals as periodic. The series of dots from a 
Wheatstone transmitter when the tape has run out 
can be so treated, but not the irregular succession of dots 
and dashes when the tape is there. A resonance curve, 
whether of a single circuit as in Fig. 3, or with the steeper 
sides, of a complex filter <^cuit, is a curve showing what 
will happen when the s^nal has been sustained for a 
sufficient period to enable the steady state to be sensibly 
reached. Its sharpness determines the distortion ** 
produced in a sustained note containing periodic con¬ 
stituents of several frequencies, and it is so used in 
telephone theory; but it does not exhibit conditions 
during the transient stage with which we ai*e here 
concerned. The fact educed by Major I^e that band 
width" = l/T is the same condition as r&T = 2 
depends on his apparently arbitrary choice of 54 per cent 
of peak height at which to measure the ‘' width.'' In my 
view the " band " method of telephony is inappropriate 
for investigating Morse reception. It is equivalent 
to disregarding the first term in the expression for q 
in the middle of page 193. As used by Major Lee, it 
leads to the conclusion that Fig. 6 is the Morse letter 

1 without appreciable chstortion.*' 

• The use of two wave-lengtlis, either for mark and 


space, or fqr dot and dash, has been referred to by several 
speakers. I agree with Major Lee and Mr. Moullin 
in regarding it as ^n important method for reducing 
transients at the transmitter. Mr. Moullin proposes 
further to increase speed by utilizing the two wave¬ 
lengths to pernoit the use of what "would be pira.ctically 
siphon-recorder code with the space between dot and 
dash suppressed. The use of two marking wave¬ 
lengths seems to me to be quite fisasibj#, and the possible 
gain of speed without sacrifice of shape is consider¬ 
able. A somewhat larger gain n®Lght, I think, be 
obtained from the analogQe of a modified Gott form 
of Morse,Marks would altefhate in wave-length, the 
dash and dot would be*of unequal length though of 
less than 3 : 1 ratio, and all spaces between marks would 
be suppressed. 

Major Lee is, I think, mistaken in supposing tliat 
the receiver curbing which I propose renders the system 
more liable to attack from atmospherics. The use of 
curbing allows the receiver decrement for the reception 
of signals (and, of course, atmospherics) to be kept 
lower than it would otherwise be, and consequently 
confers some added protection. The higher the decre¬ 
ment at other times, e.g. after a mark has become 
effective and during spaces, the better. 

Mr. Moullin's remarl^s as to the desirability, with 
regard to atmospherics, of keeping nST <C 2, and liis 
quantitative estimate of the effect of transmitter 
inertia (in the absence of two-wave signalling) are 
most interesting. The gain resulting from a reduced 
ratio between dash and dot, shown in his Fig. A, reopens 
tlie question of modification of the* signalling code. I 
think that changes from the present ubiquitous trans¬ 
mitting practice are likely to come, but the significance 
whiejj I have attached to nBT will rdmain. 

A relay having the properties named by Mr. Taylor 
might help in realizing ^od results from the ourbed 
regime; but surely the feebleness of the hokling-over 
force as compared with the moving-over force shotlld 
be utihzed by applying larger curbing damping, hot 
applying it earlier. I think that Mr. Taylor is mistaken 
in supposing that curbing at the transmitter wo^d 
reduce interference at other stations. It is a fact— 
paradoxical though it may seem at first sightr-that 
the switching ojf of a transmitter can set up an inter¬ 
fering oscillation in a receiver which was not disturbed 
while the key was held down, and the greater the damp¬ 
ing of the transmitter the stronger the interference 
' would be. ^ • 

I well remember trials of the Poulsen-Pedersen 
system of which Mr. Elwell speaks, and that, as he 
says, good tape was obtained at 200 wqrds per minute. 
But the tape was photograpliic tape—wliich is much 
worse than siphon recorder slip, which is, a^gain, woiise 
than Wheatstone slip—and the Value of nST was 
probably nearer 20 than 2, To attempt to cope 
with even English atmospherics and to moderate the 
transmitter power required, low decrements must be 
employed, and then the shaping considerations we 
have studied present themselves. 

Like Major Lefroy, I was much struck by the close 
parallels between the ideas of acoustic damping pre- 
* Malcolm, loc. ctt., p. 860. 
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sented in Mr, Sutherland’s remarks and thqse of the 
present paper. The problems of acoustic and wireless 
persistence are, of course, fundame,ptally alike. 

I have no knowledge of the " ringing ” observa¬ 
tions mentioned by Prof. Fortescue, but I think that 
the phenomenon must now be well known to many 
experimenters, and at wave-lengths far below 15 000 m. 
Mr. Best has told us that he hps taken actual decrement 
measurements in Idiis cowidition at 4 350 m, and I have 


myself extensively observed and controlledi the pheno¬ 
menon while listening in Egypt to signals from Horsea 
at as low as 2 600 m. Smaller decrements than those 
making nhT ~ 2 for high-speed signalling could, I 
am sure, be obtained in practical work if wanted ; but 
the answer given by the paper to Prof. Fortescue^s 
question as to why^a decrement of 0-0001 should be 
wanted is that it never would be wanted except tct^ 
bring nhT down to a value such as 1 or 2. 
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703rd ordinary MEETING, 1 NOVEMBER, 1023. 


(Held in the Institution Lecture Theatre.) 


Dr. A. Russell, President, took the chair at 6 p.m. 
rile minutes of the Ordinary Meeting of the 18th 
October, 1923, were taken as read and were confirmed 
and signed. 

Messrs. J. O. Girdlestone and H.^M. Sayers were 
appointed scrutineers of the ballot for the election 
and transfer of members and, at the end of the meeting, 
the result of the ballot was declared as follows :_ 


Elections. 


Member, 

Corns, Samuel William. 


Associate 

Angus, James, 

Bird, George Webber, 
B.Sc.(Eng.). 

Evenden, Edward 
Fredterick. 


Members. 

Plutton, Leslie Bertram, 
B.Eng. 

Radbone, Victor James. 
Reed, Frederick Raymond. 
Villa, Charles Croswaithe. 


Graduates. 


Allcock, Harold John 
B.Sc. (Eng.). 

Axon, Albert lEdwin, B.E. 
Burnett, Robert Ernest 
S. F. 

Glover, Arthur Reginald. 
Moiselle,'Thomas Henry. 


Woods, Ronald Forster. 


Musto, Romeo Jose. 
Pollard, Thomas Royle. 
Rennie, William. 

Singh, Inder. 

Thornton, Charles James. 
Wagl6, Vasant Krishni 
B.Sc. (Eng.). 


Students. 


Ahmed, Shaikh Muzaffar. 
Aldridge, Stanley Walter. 
Allan, James. 

Arnott, Frank Reginald. 
Bacon, Charles Edward, 
Banks, Raymond Ernest. 
Bartley, William Coppen. 


Bingham, Walter Ronald. 
Bintley, Bryan Noel. 
Birch, Sidney. 

Blackburn, Ernest. 

Bourne, Percival Edwardes. 
Brown, Kenneth Ivon. 
Cawson, William Fox. 


Students~~r continM^d. 


Clare, Bernard Scott. 

Cope, William Francis. 
Crowe, Henry Eyre. 
Davies, Harry Beaumont. 
Davis, Percival Sydney. 
Dean, John Allred A. 
Dean, William Henry. 
Faulks, John Ruskin. 
Fenwick, Raymond. 

Gill, Benjamin Gerald. 
Gregory, lierbert Turber- 
ville. 

Greig, James. 

Grubb, Edward Joseph, 
B.Sc. 

Grundy, Geoffrey Earn- 
shaw, 

Heaton, Peter St. John. 
Flemsley, Sydney Henrick. 
Plitt, Donald George. 
ITorne, Thomas George, 
Plorner, Francis Henry, 
Jollie, Andrew. 

Jolly, William Joseph. 
Jones, Cyril. 

Jones, ITarold Hosgood. 

J ones, Lionel Adrian. 

Kelly, Bruce. 

Kibblewhite, Curtis. 
Kipping, Norman Victor. 
Kirkwood, Ian Ward A. 
Knox, Alfred Harold. 
McCarter, Alan Lailey. 
McWhirter, Harry Roy S., 
B.Sc, (Eng.). 

Macwhirter, Robert. 

Mathur, Roshan Lai. 


Meadmore, Claude Clement 
C. 

Metcalf, Bernard Leslie, 
B.Sc. (Eng.).- 

Metcalfe, Percival Ignatius 
H. 

Moffat, Frank Allan. 
Moore, Cuthbert Grafton, 
B.Eng. 

Murrell, Alfred Capper. 
Nash, William Aitken. 
Oldham, Charles Frederick. 
Parker, Thomas Wilfrid. 
Paynter, Rene Philip T. 
Pearce, Claude Rieder. , 
Pearce, Owen Avis, B.Sc, 
(Eng.). 

Perry, Walter William, 
il^zzey, James Lierbert. 
Purnell, Percival Law¬ 
rence. 

Rayner, Guy StillingEeet. 
Richards, Alfred Stanley. 
Scanes, Ralph Boyce. 
Shearley, Lewis Cliffoi'd. 
Smyth, Cyril Jack. 

Spratt, I-Iector Gordon M., 
B.Sc.(Eng.)." 

Stubbs, William Ronald. 
Sutcliffe, Ronald Arthur 
H. 

Taylor, David Bruce. 
Taylor, Victor Arthur. 
Teesdale, Eric Stanley. 
Templar, Reginald George. 
Thimbleby, Arthur Wil¬ 
frid. 



208 


PROCEEDINGS OF THE INSTITUTION, 


Students— continued. 


Thompson, Sydney White- 
head. 

Thomson, Robert Batchy. 
Torond, Leonard Bernon- 
ville. 

Turner, Albert Edward. 


Turton, George Thomas. 
Vause, Dennis. 

Vowler, John Creed G. 
Watts, Basil Kingsford. 
Wheeler, Edmund Frank. 
Whitdey, Ernest. 


Woffenden, Arthur. 


^ Transfers. 

Associate Member to Member, 

Binns, Herbert Sugden. Robinson, Bernard 

McLeod, Neil 6lcftter. Augustus. 

Robson, Robert Edward. 

Graduate to Associate Member, 

Aylott, Henry Joseph. Furness, William Jolm. 

Combes, Frank Roy, B.E. Jenkin, Ralph Meredith. 
Purday, Allen Charlton. 


Student to Associate Member, 

Dance, Herbert Ernest. Jones, Harold William, 
Dobeson, Richard Gray, M.Eng. 

B.Sc,^ 

Associate to Associate Member, 

Clifford, Edgar Alan T. W. 


Student to Graduate, 


BuUen, Eric Harold S, 
Cassal, Charles Victor. 
Corbin, Cedi. 

Gandhi, Khan Chand. 


Murray, George Edgar W. 
Patel, Kashibhai Bhikha- 
bhai. 

Vembu, N., M.A. 


Graduate to Associate, 
Burnham, Walter Witt. 


The following list of donations was taken as read 
and the thanks of the meeting were accorded to the 
donors:— 

Library, —^The Air Ministry (Director of Research, 
Meteorological Office, and Technical Committee on 
Radio Communication); A. H. Allen; The Association 
of British Chemical Manufacturers (Incorporated) ; 
The Astronomer Royal; A.‘ H. Avery; Messrs. Ernest 
Benn, Ltd.; Messrs, ^d. Bennis & Co., Ltd.; L. 
Birks; Messrs. Blaikie & Son, Ltd.; A. Blondel; 
Messrs. Bowman and Gorman ; The British Aluminium 
Co., Ltd.; The British Cast Iron Research Associa¬ 
tion ; The British Engine, Boiler and General Insur¬ 
ance Co., Ltd.; The British Engineering Standards 
Association ; The British Non-Ferrous Metals Research 
Assodation; The Carnegie Institute of Washington; 
Messrs. Chapman & Hall’; The Chief Experimental Officer, 
Signals Experimental Establishment, Woolwich; The 
Chief Inspector of Factories, Home Office; F. E. Chilton; 
Messrs. Constable <& Co., Ltd.; W. R. Cooper; Messrs. 
Crosby Lockwood & Son ; H. T. Da^ddge ; The Depart¬ 
ment of the Interior, Canada; The Department of 
Scientiffc and Industrial Research, Radio Research 
Board and Fuel Research Board; The Director-General 
of Posts and Telegraphs, India; The Electridty Com¬ 
missioners; The Electrotechnical Laboratory, Ministry 


of Communications. Tokyo; The Engineering Assoda¬ 
tion of Malay; Prof. J. A. Flenoing, F.R.S.; Messrs. 
Frowde, Hodder amd Stoughton; R. Grierson; Dr. 
H. S. Hallo; H. H. Harrison; C. C. Hawkins; The 
High Commissioner for Canada; The Imperial Mineral 
Resources Bureau; The Institution of Engineers, 
Australia ; The Institution of Petroleum Technologists ; 
The Institution of Royal Engineers, Chatliam ; The 
International Western Electric Company, Incorporated ; 
Sir Alexander Kennedy, F.R.S.; Dr. A. E. Kennelly; 
Lloyd's Register of Shipping ; W. T. Maccall; Messrs. 
Marconi's Wireless Telegrafh Co., Dtd.; C. W. Marshall; 
Messrs. Methuen & Co., Ltdf; R. Mond; W. H. F. 
Murdoch; The Nationld Illumination Committee of 
Great Britain ; The Nela Research Laboratory. Ohio ; 
Messrs. Sir Isaac Pitman & Sons, Ltd.; The Public 
Works Department, Wellington, N.Z.; Messrs. S. 
Rentell & Co., Ltd.; Prof. D. Robertson, D.Sc.; The 
Royal Board of Waterfalls, Sweden; Dr. C. P. Stein- 
metz ; Messrs. E. & F. N. Spon, Ltd.; A. A. C. Swinton, 
F.R.S.; Tasmania Hydro-Electric Department; F. J. 
Teago ; L'Union des Syndicats de L'£lectricit6 ; E. B. 
Wedmore; A. F. Williamson; The Wireless Press, 
Ltd.; E. W. Workman ; and J. Paley Yorke. 

The President: I have to report the death of one 
of our Honorary Members, Maurice Leblanc. He was 
well known to every electrical engineer, and was at 
one time President of the International Electroteclmical 
Commission. A^to his work, one may say almost that 
he invented the induction generator and the dampers 
used for the parallel running of alternators. The 
Council suggests that this telegram be sent to the 
Soci6t6 Frangaise des filectriciens : " The* Institution 
of Elgctriiral Engineers, London, send their deepest 
symjpathy to all French engineers •on the death of 
Maurice Leblanc, one of the most esteemed of their 
honorary members. M'lien President of the •Inter¬ 
national Electrotechnical Commission he wt)n golden 
opinions from everyone. His achievements in engineer¬ 
ing science have been of the greatest help to his brother 
electricians all over the world." I have also to report 
the death of one of our most eminent Members, Rro- 
fessor C. P. Steinmetz. His work is well known to 
you all, and it is suggested that we send the foilowing 
cablegram to the American Institute of Electrical 
Engineers: "The Institution of Electrical Engineers, 
London, send their sincere condolences to their American 
confreres on the death of Charles Proteus Steinmetz, 
one of th^ early pioneers and one of the greatest 
exponents of the science of electrical engineering. His 
fame is world-wide; his work lives and will continue 
to live." • 

The proposed telegrams were unanimously approved, 
the members present standing in honour ^f the two 
deceased Members. 

The President; I have now to announce that the 
Council have unanimously elected Colonel Crompton an 
Honorary Member. It will be unnecessary for me to 
dwell on the man or his career at any length. Bom in 
1846, he entered the Army in 1863 and served with his 
regiment in India. He was associated with Dr. Kapp 
in inventing the compound winding of dynamo-electric 
machines. That discovery goes right back . to the 
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beginning of our profession. He* has contributed many 
papers to the engineering Institutions; many of the 
er^r^ions in these papers, such,as “load factor” 
wmch have now become household words to the elec- 
tacal engineer, were used by him in them for the first 
tame. Iri»a paper at the World Congress at St. Louis 
he pomted out the beneficial results of standardization, 
^d as a result the International Electrotechnical 
pjmnussion was formed. The late Lord Kelvin was 
its first chairman, and Colonel Crompton has been its 


Honorary Secretary^ for many years. Kfe was our 
President in 1895 and again in 1908, the year of Lord 
Kelvin's death. 

A paper by Mr. W. Wilson, B.E., M.Sc., Member, 
entitled “ Industrial Research, ^with Special Reference 
to Electrical Engineering Development" (see page 61), 
was read and discussed, and on the motion of the 
President a hearty vote of thanks was passed to then, 
author. 

The meeting terminated at 7.60 p.m. 


INSTITUTION NOTES. 


Kelvin Medal. 

The second triennial award of the Kelvin Medal 
has been made by the Award Committee to‘Professor 
^ Ehhu Thomson, who is an Honorary Member of the 
Institution. 


Associate Membership Examination, 
October 1923. 

Supplementary List. 

• Passed. 

Payne, L. S. (Wellington, New Zealand). 

Associate Membership Examination, April 1924 . 

The'next Examination wil? be held on the 3rd, 4th 
6th ‘April, 1924. Candidates must be either 
Students or Graduates of the Institution, or have lodged 
with the Secretary a duly completed form " E ” for 
election as Associate Member. Entry forms for the 
Exammation, which must be completed and returned 
by the 1st March, and particulars regarding election to 
membarship of the Institution may be had on application 
to the Secretary. The Institution of Electrical Engi¬ 
neers, Savoy-place, Victoria-embankment, W.C. 2. .The 
Exa.mination is being held this year about a fortnight 
earlier, than in past years in order that those successful 
candidates who have quaUfied in other lespects for 
Associate Membership may be elected before the end of 
the session. 

‘•Informal Meetings. 

The follojring Informal Meetings have been held :_ 

44th Informal Meeting {6th November, 1923). 

Chairman : Dr. A. Russell (President). 

Subject of Discussion : “ Engineering Training ” (in¬ 
troduced by Dr. A. Russell). 

Speakers : Lieut.-Col. W. A. J. O’Meara, C.M.G., 
Mr. P. M. Baker, Professor C. L. Fortescue, Dr. R. M* 
Walmsley, Dr. F. T. Chapman, Mr. W. Day, Mr. A W 
Berry. Major T. Rich; and Mr. L. W. Phillips 


46th Informal Meeting (19th November, 1923). 
Chairman : Mr. J. R. Bedford. 

Subject of Discussion : “ Power in Telephone Ex¬ 
changes ” (introduced by Mr. A. B. Eason). 

Speakers : Mr. F. Gill. Mr. P. Dunsheath, O.B.E., 
Mr. W. E. Rogers, Mr. F. Pooley, Mr. A. F. Harmer, 
Mr. A. G. Hilling, Mr. W. L. Wreford, Mr. ’W. Day, 
and Mr. J. W. Wheeler. 

46xh Informal Meeting (3rd December, 1923). 
Chairman : Mr. J. Coxon. 

Subject of Discussion : " Electrical Apparatus for the 
Deaf .” (introduced by Mr. C. M. R. Balbi). 

Speakers : Dr. J. A. Fleming, F.R.S., Dr. Wm. Hill 
(St. Mary’s Hospital), Mr. J. E. Kingsbury, Dr. S. 
Scott, Mr. M. D. Hart, Dr. F. Thompson, Mr. W. Day, 
Mr. F. S. Robertson, Mr. P. G. Pettifor, Mr. A. A. 
Williams, Mr. J. W. Wheeler, and Mr. L. V. -Rein. 

47th Informal Meeting' (17th December, 1923). 
Chairman: Mr. P. Dunsheath, O.B.E. 

Subject of Discussion ; " Students in^ Electricity 
Undertakings ” (introduced by Mr. G. R. A. Murray). 

Speakers; Captain J. M.'Donaldson, Mr. A. F. 
Harmer, Mr. J. W. Thomas, Mr. G. W. Preston, Mr. E. F. 
Hetherington, Mr. W. E. Rogers, Mr. P. Dunsheath, 
O.B.E., and Mr. F. Pooley. 

National Certificates and Diplomas In Electrical 
Engineering. 

The following is a further list of colleges, schools, 
etc., which have been approved under the scheme drawn 
up by the Board of Education and the Institution [see 
InsHmion Notes, No. 39, page (18), July 1923], 

I 

Approved for Ordinary Grade Certificates (Senior Part- 
time Courses). 

Birmingham Municipal Technical School. 

Bradford Technical College. 

Brighton Municipal Technical College. 
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Bristol—^Merchant Venturers* Technical College. 
Burnley Municipal College. 

Coventiy Muncipal Technical Institute. 

Derby Technical Collet. 

East Ham Technical College. 

.Erith Technical School. 

Gillingham and Rochester Technigal Institute. 
/-Halifax Technical College. 

Horwich Railway Mechanics Institute. 

Liverpool Central Technical School. 

London—^Borough Polytechnic. 

Pl)nnouth and Devonport Municipal Technical Schools. 
Poplar School of Navigation. 

Preston—Harris ^Institute. 

Salford Royal Technical College. 

§methwick Municipal Technical School. 
Wolverhampton Municipal Science and Technical School. 
Woolwich Polytechnic Institute. 

Approved for Higher Grade Certificates {Advanced 
Part-time Courses). 

Birmingham Municipal Technical School. 

Bradford Technical College. 

Brighton Municipal Technical College. 

Erith Technical School. 

Huddersfield Technical College. 

Londpn—^The Polytechnic, Regent Street, 

Poplar School of Navigation. 

Preston—Harris Institute. 

St. Helens Municipal Technical School. 

Salford Royal Technical College. 

Approved for Ordinary Grade Diplomas {Senior Full¬ 
time Courses). 

Manchester College of Technology. 

Portsmouth Municipal College. 

Salford Royal Technical College. 

Approved for Higher Grade Diplomas [Advanced Full¬ 
time Courses). 

Brighton Municipal Technical School. 

London—The Polytechnic, Regent Street.. 


The BeiiQvolent Fund. 


The following Donations and Annual Subscriptions 
were received during the period 1--25 January, 1924 
(excluding those paid direct to the Institution bankers 
which will be published later):— 


Acock, C. E. (London) 

Adams, G. H. (Stanmore, Middlesex) 
Aitken, W. (London) .. 

Alabaster, H. (Eastbourne) .. 
Aldridge, D. W. (Prescot) 

Anderson, E. F. (London) 

Anderson, H. M. (Glasgow) .. 
Andrews, O. M. (London) 

Andrews, R. (South Shields) .. 
Arbucklei Q. (Bradford) .. .. 

Arman, A, N. (Hebburn-on-Tyne) .. 

Annual Subscriptions. 


£ s. d. 

6 0 
10 0 

..110 
.. 2 2 0 ^ 

.. 6 0 

3 6 

-.100 
..110 
8 6 
6 0 

.. 6 0 


« 

£ s. 

d. 

Armstrong, R. E. (Leamington Spa) 

6 

0 

Arnold, A. H. M. (Liverpool) 

6 

0 

Arthur, J. W. (Reading) 

10 

0 

Ashmore, J. (Birmingham) 

.. ' 10 

0 

Atkins, R. E. (North Walsham, Norfolk) 

• 2 

6* 

Badcock, S, (Croydon) 

6 

0 

Baker, A. E. (Paignton) 

5 

0 

Baldwin, L. L. (WestclifE-on-Sea) .t 

2 

6 

Banks, J. (Keighley) .. .. . 

10 

0 

Barnard, A. S. (Presrivich, Lancs) .. 

..16 

0 

Basil, D. A. (Liverpool) * .. • .. 

2 

6 

Battle, G. R. (Newcastle^-on-l^ne) .. 

6 

0 

Batty, H. (Stockport) .. 

3 

6 

Bax, H. E. I. (London) 

6 

0 

Beales, M. (London). 

..11 

0 

Beaumont, A. W. (Merthyr Tydfil) .. 

6 

0 

Beebee, A. T. S. (Ilford) 

6 

0 

Bennett, C. H. (Bedford) 

10 

0 

Binns, J. W. (Leeds). 

2 

6 

Birks, K. W. (Derby). 

6 

0 

Bishop, D. H. (Dundee) 

2 

6 

Blumlein, A. D. (London) 

6 

0 

Bond, E. H. (Dover) .. 

6 

0 

Booker, W. M. (London) 

8 

6 

Bramwell, H. P, (Bradford) .. 

16 

0 

Bridgman, W. E. (Manchester) 

6 

0 

Briggs, J. C. (London) 

6 

0^ 

Bristow, R. E. (London) .. 

6 

0 

Broadbent, H. R. (Birmingham) 

3 

6 

Broadfoot, S. (Sheffield) .. 

16 

0 

Bfodie, J, (Greenock) .. .. *.. 

... 10 

0 

Brown, Arthur (Lyme Regis) 

10 

6* 

Browru E.#(Portsmouth) 

6 

0 

Broyne, A. W. (Croydon) .. . ? 

.. 10 

0 

Bullman, H. C. (Aberdee^) .. 

10 

0 

Bunn, N. K. (Rainhillf 

\5 

0 

Burbridge, P. G. H. (London) 

.. • 6 

6 

Butcher, J. M. (Bootle) 

2. 

6 

Camozzi, P. J. (Malta) 

6 

O^ 

Cannon, H. S. (London) 

6 

0 

Carnegie, H. S. (London) 

6 

0 

Carrott, H. E. (London) 

2 

6 

Carson, W. N. (Bangor, Co. Down) .. 

6 

0 

Carter, E. (London). 

2 

6 

Chalmers, J. W. P. (London) 

10 

0 

Channon, D. H. W. (London) 

.. 2 

6 

Charman, C. E (London) 

6 

0 

Christy, L. E. (Chelmsford) .. 

•.. 11 

0» 

Clarke, G. B. (Garston nr. Liverpool) 

6 

0 

Clough, N. (London). 

10 

6 

Cole, F. G. (Purley) ., .. ., • 

6 

0 

Comino, D. J. (London) 

5 

0 

Cook, W. W. (Shortlands) 

.P 1 1 

•0 

Cooper, A. (Burton-on-Trent) 

3 

6 

Corbett, F. W. J. (London) .. 

10 

6 

Cousins, A. B. (Merthyr Tydfil) 

10 

0 

Couzens, R. W. H. (London) .. :. 

4 

6 

Cowling, G. (Leyton)... 

2 

6 

Crawter, F. W. (London) .. .. 

..11 

0 

Crompton, C. (London) 

10 

6 

Crowther, L. H. (Sheffield) ., • .. 

6 

0 
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Cuffley, W. (London) .. 

Dalgldsb, I. S. (London) .. ,.. 

Dallow, N. R. (Dumfries) .. 

Damp, J. W. (H.M.S. “ Revenge ") .. 
Davenpm, A. (Bradford) 

Davies, G. H. (Chesterfield) .. 

Davis, B. (London). 

Denn6, F. E. (Brighton) 
Dinham-Peren, A. E. H. (London) 
Dorrell, H. B. (Bury) .. 

Double, H. S. (Loncion) . 

Doxat-Pratt, M. (London) 

Drury, G. L. (Newcastle-on-Tjme) 
Duncan, W. (Edinburgh) 

Edmonds, P. L. (Rainham, Kent) 
Edwin, H. S. (Bromley) 

Escott, H. (Manchester) 

F^ell, J. F. E. (Glasgow) 

Field, C. E. (Darwen, Lancs) 

Fleming, J. G. (London) 

Fleming, W. K. (Greenock) .. 

Flint, E. W. (Bromley) 

Foster, C. B. (London) 

Fowler, C. F. (Guiseley) 

Fowler, J. (Liverpool) 

Francis, M. R. (Swansea) .. 

Franks, H. W. (Fleet) 

Garrard, J. A. T. (London) ! 

Geary, F. A. (London) 

Geipel, K. S. (London) 

Gibbard, H. E. (Banbury) 

Gill, F. (London) 

Gillespie, M. McA. (London) ,. 

Gordon, E. A. (London) 

Gorham, M. L. (Bristol) 

Grap&, H. J. (Southampton).. » 
a:|ssweU: F. P. (Burslemj .. 

Griffiths, W. (Nairobi) 

Griffiths, W. H. F. (London) .. 
GumMsall, G. J. (Teddington) 

Hague, B. (Glasgow) .. 

Hale, R. M. (Cobham) 

HamWeton, C. E. (Barnsley) 

Harley, L. S. (London) 

Harris, A. F. (London) 

Harrow, A. W. (Widnes) 
narrower, W. (Arran) 

Hawes, F. B.*0. (London) .. 
Hawkhead, J. C. (Bombay) ,. 

Hedley, W. E. (Newcastle-on-Tyne) 
Heyes, C. (Rugby) ' 

Hill, E. P (Manchester) 

Hillman, R V. (London) 

Hippisley, R. J. B. (Bath) .*! 

Hodgson, A. J. (London) 

Hodson, D. A. P. (Saffron Walden) . 
Hogg, P. M. (St. Helens) .. 

HoUoway, A. G. P. (Stafford) 

Holmes, W. T. (London) 

Hood, T. (Bristol) ' .. 

Homer, J. W. (Burnley) 

* Aniiual Subscriptions, 


A £ s, d. 
10 0 

. 110 * 
10 
5 


2 6 
2 6 
6 0 
2 6 


5 

0 


2 6 

5 0 
10 6 
10 6 

2 6 
2 6 

6 0 
3 0 
3 6 
6 0 
2 6 
6 0 
2 6 
2 6 


2 

5 

5 


10 

6 

5 

0 

1 0 

0 

3 

6 

1 1 

0* 

U 1 

0 

ig 

0 

5 

0 

10 

0 

5 

0* 

12 

6 

5 

0 

10 

0 

10 

0 

8 

6 

3 

6 

5 

0 

2 

6 

15 

0 

10 

0 

1 

0 

10 

0 

3 

6 

16 

0 

5 

0 

2 

6 

1 

0 

10 

6 

2 

6 


(London) 


1 1 0 
2 6 
6 0 


Howaxd, A. (London). 

Howard, F. (Newcastle-on-Tjoie) 

Howse, H. A. G. (London) 

Hunter, P. V. (London) .. 

IsterHng, J. (Liverpool) .. . ] * 

Jackson, Admiral qt the Fleet Sir H. 
(London) .. 

Jackson, H. B. (Warrington) 

Jairatt, A. (Swansea) 

John, P. S. (Bishop Auckland) 

Jones, E. (Manchester) 

Kahn, H. J. (London) 

Kalapesi, M. J. (Manchester) 

Keeley, D. (Maidstone) 

Kilshaw, J. B. (Bolton) 

Kingsbury, J. E. (London) . 

Kingsland, W, (Ryde, I,O.W.) 

Lambert, G. W. (Stafford) 

Lamerton, H. (Bombay) 

Latimer, K. E. (London) 

Lawrence, N. (Glasgow) 

Leach, H. (Lancaster) 

Lee, W, J. (London) .. 

Lees, A, (Mansfield) 

Leslie, The Right Hon. Lord 
Lewis, J. B. G. (Cardiff) 

Linay, E. C, (Worksop) 

Lloyd, P, G. (Gosforth) 

Lumby, F. (Birkenhead) 

McClelland, A, (Epsom) 

McColl, A. E. (Dumbarton) 

Macdonald, G. (Preston) 

Macdonald, H. A. (London) 

McGrath, T. (London) 

MacGregor-Morris, Prof. J. T 
Madlwraith, G. M. (Cork) 

McKillop, P. A. (Glasgow) 

McLare, J. P. (Nottingham) 

McLean, G. O. (Liverpool) 

McNaul, H. (Cardiff) .. 

Mairs, J. B. (Edinburgh) 

Mance, Sir Henry (Oxford) 

Marston, W. J. (Coventry) 

Mason, A. G. L. (London) 

Mason, D. M. (Croydon) 

Matthews, Mrs. M. L. (London) 

Matthey, H. A. (London) 

Maxfield, G. W. (Blackburn) 

Maxwell, J. M. S. (Glasgow) 

May, A. E. (London) ,, _ 

Maycock, A. (Liverpool) 

Middlemiss, R. G. (London) 

Miller, E. H. (Enfield) 

Miller, H. W. (Hebbum -on-Tyne) 

Miller, S. C. (New York) 

Mitchell, W. (Lowestoft) 

Monaghan, T. J. (Dublin) !! 

Morrison, W. M. (London) .. 

Morton, J. A. (Prescot) 

Morton, J. S. (Ashton-under-Lyne) 

Murray, G. E. W. (Glasgow) .. 

* Annual Subscriptions. 


B. 


(London) 


£ s. d. 
10 6 
10 6 
5 0 
11 0* 

5 0 

15 (T* 

6 0 

5 0 
5 0 
5 0 

5 0 

5 0 
10 0 

2 A 
2 2 0 

10 0 

3 6 

6 0 
10 6 

2 6 
5 0 
2 6 


5 

1 

5 


6 0 
5 0 


2 

5 

0 

5 

5 


2 6 
10 6 
5 0 
10 0 
5 0 


6 

0 

0 

0 * 


2 
6 
5 

1 1 
2 2 0 
5 0 

5 0 

5 0* 

6 
2 


0 

6 


10 0 
5 0 


2 

3 

5 

1 11 
5 
5 
5 

1 1 


a 

a 

0 

0 

0 

0 

0 

0 * 


10 0 

5 0 

6 0 
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£ 

s. 

d. 

r 

r 

£ 

s. 

d. 

Nash, E. A. (London) .. 

. * . . 

5 

0 

Sharp, E. E. (London) ^.. 


14 

0 

NichoUs, F. A. (Runcorn) 


5 

0 

Shaw, H. (Manchester) . 


5 

0 

Nichols, E. J. (York) .. ^ 


6 

0 

Shaw, W. L. (London) 


7 

6 

Nunn, k. J. (Colchester) 


6 

0 

Shead, W. (London). 

r 

6 

0 

O’Dell, H. J. S. (Southsea) .. 


3 

6 

Shepherd, H. C. (Barnsley) .. 


5 

0. 

Owen, C. W. (London) 


3 

6 

Sinclair, W. (Dunfermline) 


8 

6 

i^age, A. (London) 


6 

0 

Skinner, W. R. T. (Leeds) 


18 

6 

Parnall, E. J. (Newcastle-on-Tyne) 


2 

6 

Smith, E. L. (Gretna) .. .. ^ •• 


5 

0 

Parry, E. (London) • 


10 

6* 

Smith, G. (Loughborough) .. ^ 


2 

6 

Paterson, C. C. (Wembley) .. 


5 

0* 

Smith, W. F. (London) ^ . 


5 

0 

Payne, E. L. (Birmingham) .. 


8 

6 

Sothers, H. V. (London) . ^ . 


8 

6 

Pearce, S. L. (Manchester) 

..1 

1 

0* 

Sowter, G. A. V. (Londoi^ .... 


3 

6 

Pellow, E. (Devt)nyort) 


6 

0 

Springsguth, C. E. (Rhondda) 


3 

6 

Pendlebury, S. (St. Annes-on-Sea) 


6 

0 

Stanton, A. L. (Bombay) . 

1 

1 

0* 

ijenney, S, W. (London) 


3 

6 

Steadman, E. (London) 


10 

6 

Phillips, C..F. (London) 


15 

0 

Steele, W. H. (Pontypridd). 


5 

0 

Piper, B. J. (London) .. 


6 

0* 

Stephenson, R. M. (Birmingham) 


10 

0 

Platt, F. C. (Smethwick) 


6 

0 

Tapper, W. C. P. (LxDndon) .. 

1 

1 

0* 

Pocock, C. J. D. (London) 


3 

0 

Taylor, F. D. (Reading) . 


5 

0 

Poland, G. E. S. (London) 


2 

6 

Taylor, H. W. (Airdrie) . 


6 

0 

Pollock, H. (Manchester) 


5 

0 

Teago, F, J. (Liverpool) 


2 

6 

Proctor, H. Faraday (Bristol) 

..1 

1 

0* 

Thomas, John (Wallasey) 


16 

0* 

Quilliam, L. (Manchester) 


1 

0 

Thomsett, B. (Sheerness) 


6 

0 

Ram, Scott (London) 

..1 

1 

0* 

Thomson, J. S. (Dunfermline) 


6 

0 

Rampe, P. C, (Dover) 


2 

6 

Tolton, W. G. (London) . 


5 

0 

Ratcliff, H. A. (Manchester) .. 

!, ..1 

1 

0 

Topley, H. (Mansfield) 


5 

0 

Rawlings, W. R. (London) 

..1 

1 

0* 

Torry, R. G. (Newcast:le-on-T 3 me) 


3 

G 

Rennie, R. J. (Manchester) ., 

*. 

8 

6 

Trees, T. D. (London) . 


5 

0 

Richardson, T. C. (Newcastle- 0 . 1 -Tyne) 

5 

0 

Turton, L. (Liverpool).. 


2 

6 

Richardson, W. P. (Birmingham) 

.. * • 

6 

0 

Valentme, J. H. (Manchester) 


6 

0 

Rickwood, H. A. (London) .. 


5 

0 

Walker, H. P. (Chesterfield) .. T. 


2 

6 

Rigby, I. (Watford) .. 


6 

0 

Walrond, T. C. T. (London) .. .. 

1 

1 

0 

Rigg, R. (Colne, Lancs) 


5 

0 

Wann,«A. Si (Rugby) .. . 


8 

6 

Ripley, H. P. (Huddersfield) .. 


10 

0 

Warkig, J. (St. Helens) 


2 

6* 

• Ritter, E. S. (London).. 


15 

0 

Warr, J. W. (St. Helens) «. 



0 

Roberts, D. E. (Cardiff) 

.. 1 

1 

0* 

Warren, A. E. (LondonJ 

m 

12 

6 

Roberts, E. J. (London) 


5 

0 

Warrington, A. R. V. (London) 


5 


Robins, W. H. (Stafford) 


5 

0 

Waterhouse, C. T. (Castleford, Yorks) 


5 

.0 

Robinson, F. W, (Dublin) 


5 

0 

Watson, H. (Manchester) . 


5 

0 

Robinson, N. H. (Liverpool) .. 


3 

0 

Webb, R. (London). 


10 

0 

Robinson, W, M. (London) 


15 

0 

Weston, C. B. (London) 


3 

% 

Roots, A. E. (Barnsley) 


6 

0 

White, A. E. (Warrington) 


3 

6 

Ross, E. G. (Glasgow) 


5 

0 

White, H. G. (Redhill) . 


•‘6 

0 

Russell, Dr. A. (London) ^ .. 

..6 

5 

0 

Williams, E. J. (Inverness). 


5 

0 

•Sampson, C, V. (Bolivia) 

.. 1 

0 

0* 

Womack, H. A. (Woldngham) 
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Summary. 

After a brief dwcription of the experiments made before 

“ <*« '^ay of electric traction, 
the author gives an account of the extensive electrification 
by that Company in accordance with the 
new sWard regulations of the French Government, and 
Of the first results already obtained on the electrified lines. 


The Midi Railway of France extends in the southem- 
most of that country from the Atlantic Ocean 
to the Mediterranean—from Biarritz to Perpignan— 
along the snow-covered Pyrenees, sending off branch 
lines up most of the valleys of that chain of mountains. 
It ^so runs up north of Beziers across the C6vennes 

distr^, a very wild, picturesque and mountainous 
country. 

On account of these features, several of its lines have 
very steep gradients; grades over 3 ppr cent axe not 
i^equent. The diflSculties encountered in the worldng 
of such lines with steam locomotives, as well as the 
fact tbAt water power is close at hand, were^und to 
^ace the problem &f electric traction very early before 
the Midi ODnipany. 

It began effectively in 1902, when the company under¬ 
took tte cfins^ction of a' narrow-gauge line, 36 ipiUs 
long, from Villefranche-de-Confleut to Bourg-Madame 
m the e^em Pyrenees, a single-track line climbing 
to M altitude of 6 000 feet, with long 6 per cent grades 
c^es of 200 ft. radius. Electric traction was 
decided upon, and the chosen system was direct current 
^d r^, at 860 volts. That was at the time the highest 
a.c. voltage used in Europe for traction. 

^e motor-cars (either freight or passenger), with a 
cert^ n^ber of trailers composing the trams, were 
fiW with the Sprague multiple-unit control. 

:^e line waS opened in 1910 and has since worked 
to the entire satisfaction of the company, carrying a 
relatively heavy traffic to which the construction of 

“'o^^tain resort of Font-Romeu has sub- 
stantially contributed. 

When the «ne was built, it was considered an optimistic 
view to expect an annual return of 6 000 francs per 
It is actuaUy 40 000 .francs, although the faxes 
have ^en increased only from 100 to 160 per cent. 

me^^e, the company had been led to 
considw electrification of lines of normal gauge in 
connection with propos^ for new railways in the 

“b®®' crossing directly 
«ito Spain, involved, besides tunneK 
severjd milM long, gradients of over 4 per cent. 

At this tune—namely, between 1908 and 1910—the 


single-phase system had made suffidenTb progress to 
be considered as practically reliable, and the use of 
overhead construction and a high voltage seemed ten 
secure the most economical installations. 

^ order to verify this tlirough extensive tests, 
the company equipped 16 miles of line between llle 
and Villefranche-de-Conflent. Six different systems 
of overhead construction—all based on the catenary 
pri^ple—were effectively applied on this section. 

current was single-phase, 16 cycles, 
12 000 volts on the contact wire. 

Six locomotives, built by different constrictors 
^cording to the company’s requirements, were submitted 
o a senes of tests, and filiree of them, having successfully 
passed such tests, were accepted. 

It was accordingly decided to equip with the single- 
phMe system 70 miles of double track between Pan 
Md Mmtr4jeau. and the single-trade branch lines of 
Pierrefi^, Bagndres-de-Bigorre, Arreau and Luchon 
me^urmg 63 miles. For this purpose a power house 
equipped with six 2 600-kW generators was built at 

30 motor-cars, 

^ of 600 horse-power, and for 24 new locomotives. 

the te^ revealed serious trouble in tlie telegraph 
and telephone lines along the track, due to inductive 
^^^®^®*^®® single-phase traction current. 

This question was closely investigated by the Mtd i 
company, and a solution was found which consisted in 
runnmg two extra wires beside the troUey wire, namely: 

(1) A negative feeder along which the return current 

M forced by means of booster transformers 
instead of going back ilhough the track rails.' 

(2) A TOunter-voltage wire in which there is an 

mtemating voltage directly opposed to that in 
,tne trolley wire. 

By these means, compensation was obtained for botli 
el^omagietic and static induction. The whole line 
^tween Perpignan ^and Villefranche, 30 miles long, 
my fed at one end, is actually worked witlT single- 

experiments to a 

the22n<,^ available from 

^ei^tmg power houses, as well as from a new 26 000- 

Wped at Eget during the wax, was given 
over to mumtion work, and it was only after^ tlie 
ax^hce that iffie company could resume work in the 

"meantime, however, 
from a technical pomt of view, had taken a new 
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The French Government had decided to standardize 
for electric railways both the primary current and the 
traction current, in order that difEerent power plants 
could work in parallel and that locomotives could be 
used indiscriminately on all the electrified lines. 

A Commissiou was appointed ^t the end of 1918 
<?by the Ministry, of Transport, to decide on one system 
to be accepted by the French companies. 

In 1920 this C 9 mmission, after close investigation 
of the different systems in use in France and abroad, 
produced its conclusions, which were adopted by the 
Government. 

The primary current is to be three-phase, 6Q cycles. 
The standard type of traction current is to be direct 
^current at 1 500 volts, with the proviso that, in 
exceptional cases, 3 000 volts can be used. 

Either overhead or third-rail equipments are permitted, 
and locomotives are to be fitted with current-collecting 
apparatus suited to both. 

The reasons for this choice were the following: 
Three-phase 60-cyCle current is already standard 
in France for distribution systems, and it was deemed 
advisable to adopt the same t}^)® power plants 

built by railway companies, in order to facilitate inter¬ 
connection and mutual help, the result being not only 
greater security, but also better utilization of both the 
power plants and transmission lines. 

The type of primary current being thus fixed, the 
single-phase system loses one of its chief advantages, 
which is to do away with rotating machines in substations 
when low-periodicity current for traction can be directly 
produced at the power house. The necessity for sub¬ 
stations fitted with motor-generator sets for the 
production of single-phase current would have involved 
high expense and low efficiency, whereas the use of 
rotary converters for producing direct current allowed 
much more favourable conditions. 

On the other hand, the use of direct current was 
considered to be the best means of overcoming inductive 
interference on low-tension conductors. 

Olher advantages were also considered, such as lower 
weight and cost of direct-current locomotives, greater 
overload capacity, and cheaper maintenance of their 
motors. ^ 

As to the voltage for traction lines, 1 500 volts was 
chosen as being the maximum voltage allowing the 
use of a third rail, which certain companies wished to 
keep, notwithstanding the advantages which a some¬ 
what liigher voltage might have procured. 

These decisions implied for the Midi Company the 
abandonment of the larger pa;t of the work already done. 
Power plants, transmission lines, substations, overhead 
equipmeifc and locomotives had to be fundamentally 
modified for use with the direct-current system. 

The company set to work immediately on these altera¬ 
tions as well as on a new programme of electrification. 

In two years^ time, the first results have been attained 
by the appearance on the P;au-Tarbes division, in the 
last mouths of 1922, of the first French I 600-volt direct- 
current locomotives. 

The electrification work is actually carried out m the 
• western part of the Midi system. The Toulouse-Dax 
line is to be enfeely equipped this year, and is already 


partly run by electricity. Its branch lines are being 
changed over from ^single-phase to direct current. 

The equipment of the main line from Bordeaux to 
Hendaye has been begun, as also of its branch lines to 
Arcachon and Biarritz. Other lin^ will foUow both in the 
Pyrenees and the Cdvennes districts, the whole length 
of road to be electrified in the next 10 years being 

nearly 2 000 miles. • • 

Current is actually produced in the two hydro-electnc 
stations at Soulom and Eget, the 16rst equipped wifh 
21 000 and the second ^th 36 QPO horse-power, this 
last from a fall 2 300 feet Mgh. 

In addition to this, the Midi Company is budding 
on the Gave d’Ossau three new power stations equipped 
for 130 000 horse-power with falls ranging from 600 to 
2 600 feet. Other power plants are designed in the 
central and eastern Pyrenees for the time when electrifica¬ 
tion reaches those districts. 

The current produced by all these plants is three- 
phase, 60 cycles, at 60 000 volts. It is transinitted by 
feeders following the railway, and in addition part 
of it is transformed to 160 000 volts for long-distance 
transmission. Lines for this purpose are already 
constructed as far as Bordeaux and Toulouse. Their 
total length is actually 420 miles, and the longest 
distance between step-up and step-down transformers 
is 176 miles. 

These lines h^ve been given a larger capacity th^ 
required by the needs of the railway. They are, in 
fact, meant to transmit, not only for traction, but also 
for distribution*purposes, energy produced by numerous 
power plants all working in parallel. Tliistransinission 
over lineg belonging to the railway will be subject to 
taxes* which will cover part of the expense. 

feach line, designed to carry from 30 OOO to 60 000 
kW, consists of thrge topper cables each of 283 000 
circular mils (0*222 square inch) section. A.steel earth 
wire is provided for protection. * 

The cables are suspended by insulator chains ‘of 9 
plate-type elements from steel towers 66 feet high and 
normally 660 feet apart. Two of these lines, entirely 
independent of each other, join tlie P 3 nrenees to Bordeaux. 

Transformation from 60 000 to 160 000 volts, and 
vice versa, is carried out in two step-up stations, equipped 
for 60 000 kW, and in three step-down stations equipped 
for 80 000 kW. The latter are provided with synchronous 
condensers of 60 000 kVA total capacity. All these 
stations are of the outdoor type. * 

Energy* for traction is distributed along the railway 
by 60 000-volt feeders issuing either directly from 
the power plants or from the tra^ormer stations. 
They, are generally fixed to the same supports as the 
contact line. They consist of three 20(^000 drqplar 
mil (0T67 square incl^ copper cables or aluminium 
equivalents. , 

Substations for converting three-phase current into 
direct current are buUt at distances varying from 
8 to 20 miles, the drop in the line voltage not exceeding 
20 per cent under normal service. 

Different types of converting apparatus have been 
used. Besides the classical groups of two 760-yolt 
rotary converters connected in series, some substations 
have 1600-volt 760-kW rotary converters as single 
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nmts. These axe, the author believes, the first machines 
of this type wound for 60 cycles ajid they have been 
entirely successful. They can withstand 200 per cent 
overload during 6 minutes, without over. 

The nwest feature, however, is the use, in some 
substations, of mercury rectifiers producing 1 600-volt 
^ect current. Five substations have been equipped 

groups each of 

I JOO kW. Each group consists of a pair of cylinders 
connected in parallel, and fed with 12-phase current 
produced by special ^ansfonJiers. 

The efficiracy of these* machines is very high, and 
practically independent of the load. Their overload 
^pacity is equal to that of the rotary converters, 
^inptatic machines, theyrequire very little attendance. 
We have so far escperienced no difficulty in keeping 
he vacuum in the cylinders. The current they generate, 
mthough slightly undulating, is well withstood by the 
traction motors. 

All ^bstations possess high-speed circuit breakers 
on each group. In most of them, such high-tension 
apparatus as transformers and oil switches is placed 
out of doors. 

The line equipment is of the double-catenary type. 
It consists of a steel messenger cable, an auidliary 
messenger, and a contact wire, the last-mentioned being 
inade of ^ooved copper of 0-166 square inch (100 mm*) 
CTOss-section. The auxiliary messenger is suspended 
irom the mam messenger by flat steel hangers 30 feet 
apart on tte stra^ffat and 16 feet apart qn curves. The 
coritact we is fixed to the auxiliary messenger by clamps 
m^tammg the two wires in a vertical plane. 

On curves the catenary system is simUas to., that 
adopt^ on the PSnnsylvania Railway. The line Jias 
no puU-offs, and foUows the same curve as the track, 

the hangers taking an inclined position. This disposition 

&ves a very smooth and uniform contact, and has 
tte ad-vwtage of being self-compensating when the 
temperature varies. 

On st^ght sections, pull-ofEs are generally used on 
messenger. Elastic puU-offs, consisting 
of ^o hehcal springs disposed V-wise, have been applied 
with success. Qn some sections, however, we have, 
suppressed the pull-offs. In this 
e the Ime is designed as a succession of curves 
inches on either side of the 
e o the track, and its tension is efficient to 

siv. 

distance between supports varies from 300 feet 
radius^^^^^ sections to 150 feet on curves under 2 *600 ft. 

Different jMds of supporte have been tried. On 
W ^ “ generally used. We 

construction for double 

constrnction 

a ^ ^ Assembled in the shape of 

V(fit thre^^ih^ 5^ supports are fixed the 60 000- 


Chain insulators are used for the high-tension line, as 
f^ as is allowed by clearance considerations. For the 
direct-current lines, double insi^ation is the rule, by 
means of either rigid or suspended insulators, the latter 
type being preferred. 

Protection of transmission and contact lines against 
excess of current or voltage has been especially car d 
for. The high-tension lines axe protected by selective 
relays and oil switches so disposed ap to cut out auto¬ 
matically any section on which a breakdown occurs. The 
system is, moreover, earthed at one of the power houses 
at “^e neutral point of a transformer. It is protected 
against pressure-rises by earthed reac4anbe coils with 
iron cores, and against steep-front surges by ^part 
apparatus consisting of mica condensers branched between-n 
two inductive coils, one of which is shunted by a 
resistance. 

Direct-current nxachines in the substations are 
protected, in addition to the oil switches and quick¬ 
acting circuit breakers, by inductive coils and by an 
earthing device composed of a condenser shunted by 
a resistance. 

Tra(i bonding has been the object of a long discussion 
on the part of tlie Midi Company. We have ejjperi- 
mented with a great many different types of bonds, and 
it must be said that up to now none have proved 
entirely satisfactory. The best, to our mind, consists of 
a pair of short copper bonds, made either of cable or 
packed strips, connecting each end of the fishplate with 
the corresponding rail. The fixing is obtained by 
through bolts or by split steel rings forced into the 
rail holes. 

The different lines to be electrified present very diverse 
features, including level maio, lines carrying fast passenger 
and heavy goods trains, branch lines to watering places 
where traf&c assumes a partly suburban character, 
and ^ mountatin lines with exceedingly steep grades 
requiimg very powerful locomotives. Nevertheless, we 
have succeeded in limiting the number of different 
types of l^omotives to four. These types have been 
studied jointly by the company's officials and by the 
makers, namely, the Soci4t6 des Constructions Electriques 
de France, whidi is associated with the English Electric 
Company. ^ 

The first electrical equipments were made in this 
last-nnentioned company's works at Preston, and the 
succeeding ones in the Lyons works of the Soci6te des 
Constructions Electriques de France. 

The locomotives are constructed in extensive shops 
especially bufit by the latter at Tarbes, in the middle 
of -our electrified system. 

'Die first two types of engines are a passenger and a 
freight locomotive similar to one another except for the 
gear ratio. They axe mounted on two 4-wheel motor 
trucks. Each of the four axles is driven by a geared, 
nose-suspended motor. 

These motors, of Dick-Kcxr design, witii 4 poles and 
commutating poles, are wound for 1 500 volts. Under 
forced ventilation, their one-hour rating is 350 and their 
continuous rating 250 horse-power. The total weight 
of the locomotive is 72 tons; and the speed limits 
66 miles per hour for the passenger engine and 
40 for the freight engine. The motor oontrol is the 
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Dick-Kerr cam-shaft multiple-unit S 3 rstem. Different 
speeds are obtained through series-parallel and field¬ 
shunting combinations,^ 

Low-tension current for auxiliary service is produced 
by a 72-kW group. This includes, mounted on the 
same shaft, a 1600-volt motor, two direct-current 
generators and two fans for ventilating the traction 
motors. One of the generators produces 120-volt 
current for the CG»atrol circuits, for lighting the train 
and for feeding the air compressor. The second one is 
a variable-pressure d 3 mamo used for exciting the motor 
fields when regenerative braking is in action. 

Owing to thif arrangement the locomotive has but 
one auxiliary 1 600-volt motor, which is an advantage, 
'^his being, as is well known, the delicate part of high- 
tension direct-current equipments. 

The coupling devices and buffers are fixed to the 
truck frames, and these are themselves coupled together 
by a double drawbar and lateral buffers, so that the 
tractive effort is not in any way transmitted by the 
centre pins. 

The cab suspension is so designed as to leave the 
highest degree of fireedom to the trucks. The contact 
surface between centre plate and pivot has its concavity 
turned downwards and its centre near the axle plane; 
this eliminates reactions when the bogie pitches in 
any direction. To prevent the cab tilting, lateral 
springs suspended by swinging rods are interposed 
between the cab and the truck frames. This device is pre¬ 
ferable to the ordinary support blocks, in that it allows 
perfectly free horizontal displacement. No equalization 
of the truck suspension been found necessary. 

Bach motor drives its axle by two symmetrical gears. 
In order to avoid axle breaking, which has given a great 
deal of trouble on our first electrified lines, each gear¬ 
wheel, instead of being mounted on the axle, consists 
of a cogged rim bolted on to the truck wheel-centre. 

The locomotive is equipped with both the Westmghouse 
automatic air brake and a straight air brake. Com¬ 
pressed air is provided by a Westinghouse gearless air 
compressor. In addition to these, an electric brake 
is provided. For the first nxachines, this is based on 
the regenerative principle, the current generated by 
the motors being sent^into the trolley line. In this 
case the motors are separately excited by an auxiliary 
generator, and speed regulation is obtained by varying 
this generator's excitation. 

Experience has shown that the saving of energy 
resulting from regenerative braking is comparatively 
small, and does not justify the complication it introduces 
into the locomotive's equipment. It has therefore been 
abandoned for the future, and rheostatic braking adopted 
in its place. 

Whatever the system, electric braking is to be used 
for going down long grades, so as to save the wear of 
brake shoes. It is accordingly designed so as to hold 
the load which the engine is able to haul up the same 
gradient. 

The current-collecting apparatus has been designed 
with special care, in order to obtain a smooth contact 
and to avoid sparking. It consists of a pantagraph 
fitted with ball beariugs at each joint. The collector 
is made of two steel pans lined with copper strips and 


borne on helical springs. By these means, the greatest 
flexibility has been realized and good collection obtained 
at all speeds. 

Passenger trains are lighted and heated by current 
obtained from the engine through special couplers. The 
lighting current at 120 volts is taken from the machine's 
auxiliary group. 

Heating is provided by 1 600-volt current from the 
line. This current is sent into sp^al radiators placed 
under the seats in the car compartments and protected 
by steel tubes and perforated^steel plates. The heating 
couplers between cars ^e so designed as to prevent 
dangerous arcing while uncoupling. To secure this, 
an auxiliary wire fed with low-tension current runs 
throughout the whole length of the train. Its couplers 
are mechanically interlocked with the heating couplers, 
so that the latter cannot be uncoupled unless the former 
have been previously uncoupled, which automatically 
results in the opening of the main switch controlling 
the heating circuit on the locomotive. 

A series of 90 of idiese machines is under construction, 
13 of which are. already running. 

The freight locomotive is to haul trains up to 1 800 
tons on the level. On mountain lines, this same engine 
can haul a 186-ton train on a 4 per cent grade. A 
helping engine at the rear will be normally used on these 
lines. 

Another t 3 ^e#of machine is a motor-car for suburban 
and branch-line services. It is carried on two 4-wheel 
bogies of the swinging bolster t 3 ^e. Each of the four 
axles is driven by a series nose-susI)ended geared motor. 
These motors are wound for 760 volts and connected 
two in series. They are self-coolin|;. The continuous 
rating of each is 126 h.p., and the one-hour rating 
176 h,p. The maximum, speed is 60 miles an hour. 

Each axle has onl^ one gear, similar in consfruction 
to those on the locomotives. The tractive effojt is 
transmitted from the truck frame to the swinging 
bolster through articulated drawbars instead of the 
ordinary friction plates, which wear out quickly and 
impair the bolster's lateral displacement. The n»tor 
control is the same as on the locomotives. Air and 
hand brakes and electric rheostatic braking are provided. 

The car is entirely of steel. It includes a third-class 
compartment with central aisle and reversible seats, 
a luggage compartment and two drivers' platforms. 
The total weight of the vehicle is about 62 tons and 
the number of seats is 48, besides which 32 standing 
passengers can be accommodated. 

Those three types of machines are sufficient to haul 
any kind of train either on mountain or level lines, 
up to 60 miles per hour; but for higher speeds a special 
t 3 rpe of express locomotive had to be designed. • 

This problem is still under consideration in many 
countries, and could scarcely be said to have found an 
entirely satisfactory solution up to now. 

The trouble, which is more of a mechanical than of an 
electrical character, consists mainly in the transmission 
between motor and driving axle. In the case of an 
express locomotive, the ordinary gear transmission 
requires a high peripheral speed for Ike pinions, at 
which their lubrication becomes very difficult. This 
difiiculty disp-ppears in the gearless t^e of locomotive 
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where the motor armature is fixed directly on the 
driving axle; but then the. unsprung load increases to 
such a point as to tell severely on the track. To lighten 
this, the motors are often set in the cab and connected 
to the ^les by means of driving rods. But - Hiig 
construction generally results at high speed in abnormal 
vibrations of the machine and in stresses leading to 
breakage of rods, cranks and even of the engine frame. 

In order to avofd these various difficulties, the Midi 
Company has kept,« for its high-speed locomotive, to 
the geared type, but with qjatirely suspended motors 
and quill drive. The paijicular feature is the use of a 
conical gear which allows smaUer pinions and a lower 
peripheral speed and, moreover, is easier to lubricate 
than a straight gear. 

Two locomotives previously built for use with single¬ 
phase traction were transformed according to this 
programme by the Soci6t6 des Constructions Electriques 
de France. The general disposition of these machines 
is 4—6—4, that is, tliree driving axles independent of 
' each other, and a 4-wheel bogie at each end. 

The driving wheels are 69 inches in diameter. The 
adhesive weight is 64 tons, and the total weight 
102 tons. The bogies are elastically centred and are 
practically identical with steam engine bogies. 

The equipment of each driving axle is composed of a 
pair of vertical motors placed inside the cab and fixed 
to the main frame. The two pinions drive a double¬ 
cone gear-wheel fixed on the middle Of the quill, and 
this in turn acts on the driving wheels through an elastic 
transmission. • 

The motot shafts are suspended on ball bearings at 
their upper extremity. At the lower end, the whole 
gear is immersed j^n oil. A pump raises thb oii to a 
tank at the top of each motor, whence it fiows d^wn 
through ducts bored in the motor shaft. 

The six^ motors are wound for 600 volts and are 
connected three in series. They are 4-pole motors 
(2 active and 2 consequent poles) with commutating 
poles. The one-hour rating of each is 376 h.p., that 
^ 260 h.p. for the whole machine. These motors, 
of •very peculiar construction, have been designed 
and built at Li4ge, in the works of the Socidte des 
Constructions Electriques de Belgique, another firm 
associated with the Constructions Electriques de France. 

The motor control is of the same type as in the former 
machines, and the maximum speed is 76 miles per hour. 
No electric br^ng has been provided for these machines, 
which are only for level lines. They are fitted with 
the Westinghouse, automatic and straight air brakes. 

The current-collecting apparatus consists of three 
pantagraphs simflar to those previously described, each 
of which can collect, without sparking, 800 amperes at 
the maximihn speed. 

The machine has been tested up to a speed of 78 miles 
per tour, keeping perfectly steady on the track, without 
any nosing. This will perhaps be a surprise to those 
who believe that a locomotive' with a symmetrical 
wheel-base cannot run smoothly at very high speeds. 

It may be of interest, therefore, to look into the matter 
more closely and to ascertain the origin of this somewhat 
legendeiry belief. 

The above opinion was expressed by the .Penn¬ 


sylvania Railway oficials, at the conclusion of tests 
earned out in 1907. These tests included the following 
machines:— 

(1) Several steam locomotiv&,. either American or 

Atlantic type. 

(2) An electric locomotive with two driving axles 

rigidly connected to the frame and a 4-wheei^ 

leading truck (a disposition quite similar to 

that of an American type steam locomotive). 

(3) Several electric locomotives \ith two 4-wheel 

trucks. 

In fact, the symmetrical engines were limited to this 
last type, whidh behaved fairly badly St express speeds. 
Whfist, however, this inferiority was too hastily 
attributed to symmetrical construction, its real cause,»» 
to my mind, was quite different; first, the lack of a rigid 
wheel-base owing to which a 2-truck machine has a 
tendency to sway at high speeds; second, the rigid 
fixing of the pivots on the truck frames through which 
the side blows are transmitted from the track directly 
to the main frame ; third, a centre of gravity decidedly 
lower than that of the steam engines. 

The verdict thus delivered against symmetrical 
engines cannot, therefore, be considered to be» final. 
Several engines—either electric or steam—^which show 
perfectly symmetrical wheel arrangements, and ride 
nevertheless without difficulty at a fairly good speed, 
have before now brought it under suspicion; and the 
author will venture to say that the Midi Company's 
express locomotive has given it the final blow* 

It will be noticed that this machine has been so 
designed as to avoid precisely the three defects which 
have just been pointed out. It has a rigid wheel-base 
13 feet long, which keeps it steady on the track. The 
trucks are elastically centred through side springs ; and, 
owing to the raised motors, which are set inside the cab! 
the height of the centre of gravity is similar to that 
on a steam engine. 

This type has been adopted for a series of express 
machines to be built for level lines; but a new and niore 
powerful machine of s imil ar construction with four 
driving axles and a normal rating of 3 200 h.p. is already 
under consideration. It will pull on the level a 600-ton 
train at 60 nules an hour, or a 880-ton train at 70 miles. 

It may now be asked what results, either economical 
or technical, the Midi Company has already obtained 
or expects to obtain through electrification of its lines. 

Although electric traction is already in use on 140 
miles of our lines, it is still too early for us to give 
figures as to its cost, as only 37 miles are established 
under standard conditions, whilst several hundreds of 
nules axe under construction. Nevertheless, we may 
say that in many ways electrification has so far proved 
profitable. 

Not only do drivers of electric locomotives get lower 
wages than steam, locomotive engineers, but also their 
dafiy run is 30 per cent longer, on account of less time 
being spent for engine-shed operations. 

As to the machines thems^ves, worked by several 
drivers they cover daily about 2*6 times the distance 
covered by a steam engine, which more than compensates 
for their higher price. 
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The cost of hydro-electric energy is naturally much less 
that of the coal it saves. 

Important economies are also realized on engine-shed 
and repair-shop expens^^s. Electric locomotives require 
much less labour for their maintenance than steam 
locomotives, a great many daily operations, such as 
coal and cinder handling, water pt^mping, tube blowing, 
boiler washing, etc., being entirely eliminated, whereas 
repairs are greatly simplified through the suppression 
of the boiler and much mechanism. 

On the whole, and in spite of most of our electrification 
work having been done under very unfavourable price 
conditions, we have every reason to be confident that the 
operation wilf pibve profitable. 

A strong support to this belief is the rapid increase in 
H:ra£fic and revenue on our electrified lines, consequent 
on faster and more frequent trains. As a matter of 
fact, the teclmical advantages of electric traction are 
still more certain than the economical ones. 

It allows, especially on mountain lines, a higher 
commercial speed. For instance, on our main line 
from Bayonne to Toulouse there is a grade of 1 in 
30, 7^ miles long, which takes an express hauled by 
a steam locomotive 34 minutes to climb. The same 
train ^hauled by an electric machine gets to the top in 
13 minutes. 

On the Transpyrenean Imes long grades of 4 per 
cent will be ascended by passenger trains at a speed of 
26 miles an hour, whereas it is doubtful whether steam 
engines could work any effective service on such a line. 

Even on level lines train schedules can be made quicker, 
on account of a more regular and uniform speed being 
maintained by the electric locomotive, and of the 
suppression of those stops which are necessary only 
for taking in water. On the Bordeaux-Hendaye line, 
where the maximum grade is 1 in 200, our fastest train, 
the Southern Express, actually covers the 92 miles 
from Bordeaux to Dax in 1 hour and 49 minutes. With 
an electric locomotive it wiU run at an average speed of 
66 nules, and gain about 26 minutes on the present 
schedule. 

Trains can also be made more frequent without 
prohibitive cost. During the war, when the strictest 
economy, prevailed and the daily number of trains was 
reduced, on a great many of our lines, to two in each 
direction, we could always maintain without extra 


expense 2our or five trains in each direction on the 
electrified lines. Our present programme is to establish 
around our mountain or seaside resorts a service of light 
and frequent trains very similar to a suburban service 
and -t-hift can only be accomplished by electric fraction. 

It is perhaps needless to say that, from the traveller's 
point of view, the suppression of smoke and cinders is 
also a great improvement. This is paxticularly the case 
with lines such as the Transpyrenean running through 
tunnels several miles long. 

Electric traction will ailso prevent the costly forest 
fires which are started too oifcen by locomotive sparks 
in the forest propertiesr along the railway. 

One of the greatest advantages, however, to be found 
in railway electrification as carried out in France is the 
construction of a dose network of electric transmission 
lines. In our country, extensive areas are mostly 
agricultural and only to a small extent industrial. In 
such districts the demand for electrical energy could 
scarcely be sufficient to justify the high expense involved 
in long transmission lines. On the other hand, a great 
many railway lines, on account of limited traffic, require 
only a ST T \g».ll proportion of the current which the 
high-tension wires can carry, and this condition in 
general corresponds to cases where electrification could 
not be economical. In many cases the combination of 
these two unprofitable operations makes a profitable one, 
and the result will be not only to improve railway service 
considerably, bfft also to bring cheap electric current 
to every town and to a large number of small localities. 
While our 160 000-volt main transmission lines supply 
large centres such as Bordeaux and Toulouse*, the 60 000- 
volt wires that follow the railway ever 3 rwhere and feed 
step-dbwif transformers in substations spaced some 
16 Sailes apart will leave but little to do in order to 
build distribution systenss covering the whole cguntry. 

When this is done*on the 2 000 miles offroad that 
the Midi Company intends to electrify, also when*the 
Paris-Lyons-Mediterranean and Paris-Orleans com¬ 
panies have on their side electrified some 3 800 nodles 
in accordance with a similar plan, and when the latter 
company has constructed the 300-mile 160 000-volt 
line from the Dordogne power plants to Paris, t^jen not 
only railway electrification, but also public and industri^ 
electrification, will have made a decided advance in 
France. 


. Discussion at the Joint Meetings of The Institution and the Societe des ♦Ing^nieurs 
CiviLS DE France (British Section), 22 November, 1923, and 10 January, 1924. 


(22 November, 1923.) 

Lieut.-Qplonel H. E. O'Brien: I feel that what has 
been done in France in regard to standardization should 
be an example to us in this country: at the present 
moment, the standardization of the voltage and the 
various appliances in connection with electric traction in 
this country is little more than the pious expression of a 
wish on the part of a. group of individuals who formed 
a Committee some time ago. On the other hand, 
both the French Government and the French electrical 
industry appear to have grasped the problem boldly 
and to have come to a very definite decision as to 


what they are going to do in the way of standardizing 
the voltage and the system generally *ior electric trac¬ 
tion all over the country. It is particularly, note¬ 
worthy that the Midi Railway, which had expended a 
very large sum on single-phase electrification, was, for 
the good of the country, ready to abandon the whole 
of that work and to fall in with the standardization 
which had been decided upon for the rest of the country. 
Although the electrification of main lines has a very 
definite though possibly limited scope in this country, 
yet that scope has as yet been but very dimly appre¬ 
ciated by railway managements here. The Englishman 
is intensely conservative; he is very slow to take up 
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anyiJiing new. When Mr. Garbe brought 2>ut super- 
heatog for locomotives and invited the locomotive 
engineers of this country to inspect what had been 
done in the way of coal and water economy by super¬ 
heating, ^nly two of our engineers responded to his 
invitation; the rest disregarded it, with the result 
that this country was one of the last to take up loco¬ 
motive superheating. ^The varying apparatus which 
has been used in substations in the shape of direct 
1 600-volt rotary converters and mercury-arc rectifiers 
will be of great interest when we can hear more about 
their actual performance, the mercury-arc rectifiers 
particularly. It is especially •interesting, from a rail¬ 
way point of view, to learn that it has been possible 
to deal with such varying traffic on such widely dif¬ 
ferent gradients with so few types of locomotives. 
Such a result can only have been attained by a great 
deal of work and co-operation between the manu¬ 
facturers and the users. It is also rather strildng, to 
railway people at any rate, to consider the features of 
these electric locomotives. The freight locomotive, 
which weighs 72 tons and has a one-hour rating of 
1 400 h.p., may be compared with a steam locomotive 
which would weigh 120 tons and would only have a 
rated continuous drawbar horse-power of abput 1 200 
when in first-class condition and provided with picked 
fuel. Perhaps the most interesting part of the paper, apart 
from the wealth of technical detail in it, is the state¬ 
ment at the end to the effect th^t the technical 
advantages of electric traction are still more certain 
than the economical ones. I hope thte author will, in 
the course of a very short time, be able to tell us that 
the economical advantages are even more certain 
than the technical ones, because there seems''to be 
no uncertainty about the possibility of the solutidn of 
technical problems, whereas^ the economic problems 
are much more difficult. The people whom we engi- 
nete have to convince are the financiers. Therefore 
it is of great importance that actual figures should be 
brought forward showing what these economies are. 
T^e author, however, indicates very clearly that great 
economies will be effected in dealing with the loco- 
motivjp as a machine. It is probable that in a very short 
time we shall have no difficulty in showing that the 
electric locomotive as a tractor on the railway, is a 
very much more economical machine than any steam 
locomotive that can at present be built or is ever likely 
to be built. •The whole problem will resolve itself into 
a question of the cost at which the curfent can be 
'to "til© locomotive. The author is in a slightly 
different position from engineers in this country in 
that he has water power at his disposal and the cost 
o^ energy -vtill tend to become very much less the more 
he uses, wnerea^ with us the cost of energy will not 
diminish in the same ratio. 

Mr. E. M. Malek; The question resolves itself into 
one of economics. Technically I think that it is solved 
or is capable of solution. The French first of all deter¬ 
mined to standardize and to scrap all lines hitixerto in 
operation which did not lend themselves to modifica^ 
tion. They looked upon the distribution of energy 
from every point, of view and did, not regard the 
electrification of railways as something apart and 
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needing the supply of electricity for this particular 
purpose in isolated portions of their territory. I am 
certain that there is no other way of dealing with tiie 
problem than by looking upon# it as a whole, th rail¬ 
ways being the biggest potential users of energy and 
their systems the most convenient route for general 
power distribution.** The Midi and other companies 
having laid down a programme which gives the French^ 
manufacturers a period of 10 years in which to look 
ahead, the latter have been able 40 organize produc¬ 
tion. This is very different from building special 
macliines in small numbers, as development costs are 
wiped out and much money is saved in other ways. 
Colonel Obrien has pointed out tffe liifficulty—also 
mentioned by the author—of proving the direct 
financial benefit derived from electrification. We have 
to consider the capital expenditure. French engineers 
are noted for being able to design structural steelwork 
with less weight of material and at a lower cost of 
manufacture than almost anyone else. If the author's 
invitation is accepted, a tremendous impression will be 
created by the efficiency and cheapness of the over¬ 
head structures, whether for primary or for secondary 
distribution. I hope with Col. O'Brien that the author 
I will give us, at a later date, some particularsoof the 
economic results obtained. 

Lieut.-Gol. F. A. C. Leigh: On page 213 the 
method adopted to prevent inductive interference with 
the communication circuits in the case of the single¬ 
phase lines is very interesting, but I should like to 
know whether the present system costs less than that 
adopted on the Swiss railways. In view of the adop¬ 
tion of the overhead collector system by the Midi 
Company, why has the voltage of 1600 still been 
retained ? Presumably the pressure was decided upon 
because of the difficulties inherent to the third-rail 
system. The author mentions that 60 000-volt trans¬ 
mission wires are run on the same structures as the 
track overhead construction. It would be interesting 
to know whether there have been any difficulties with 
the communication circuits due to this, and what 
precautionary measures, if any, have been taken to 
avoid interference. On page 216 the author refers to 
the undulations in the voltage due to the use of the 
mercury-arc rectifiers. Hav^ these undulations any 
effect on the telegraphic and telephonic communica¬ 
tions ? On the same page also the author rather 
indicates that he prefers a short bond for the third- 
rail system. On the old North-Western system our 
experience has been rather the reverse; we find that 
the long bond is more effective. On page 216 the 
author mentions that the auxiliary circuits on the 
locomotive are dependent upon one 1 60Q-volt motor 
only. If this is so, it would appear that, unless there 
are other special arrangements, the locomotive would 
be out of action if anything happened to this motor. 
The design referred to on page 217 is unique, and it 
will be interesting to learn whether satisfactory results 
are obtained from that system after it has been in 
use for some time. I should like to know whether 
the French engineers would have embarked upon the 
undertaking had not natiural resources in the shape of 
water power been available, In North Wales there is 
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some water power, and certain inquiri^ liave been 
made as to the power available there. Information 
has been obtained that under the proposed immediate 
development of this wp.ter power something like 360 
million units a year could be produced. I should be 
glad if the author would state how many million units 
a year are available in France’ from water-power 
^resources. I presume we may take it that all the 
power referred to in the paper will not be used at 
the moment for •Ahe railway only, but also for 
the encouragement of industrial enterprise. Has the 
Midi Railway been granted powers to distribute elec¬ 
tricity for industrial purposes, like the power companies 
in this country, S,nd if so is it controlled as regards 
the prices that it may charge ? 

« Mr. T. Stevens : I have had four opportunities 
within the past six months of seeing parts of the work 
on the Midi Railway, and particularly of noticing the 
considerable progress made during that time. I greatly 
appreciate the action of French engineers in definitely 
limiting the voltage allowable on a third rail. In the 
'' Final Report of the Electrification of Railways 
Advisory Committee of the Ministry of Transport 
the pressure is given as 1 600 volts and multiples of 
that voitage. We have, however, to go to the technical 
Press to find what the Hmit is. In the Tramway and 
Railway World my statement was quoted : “It seems 
extraordinary that the Committee agreed to a multiple 
of 1 600 volts on third rail without even wisely limit¬ 
ing the multiple.” An editorial comment on that 
read ; “ We consider where multiples of 1 600 volts were 
named in the Advisory Committee's report that no 
member of that Committee had any intention that it 
should be located near the ground.” The present 
paper definitely states that 1 600 volts was chosen as 


being"^ the''maximum voltage for France allowing the 
use of a third rail. I consider that that pressure is 
satisfactory so far as the safety of the public and of 
the workmen on the lines is concerned. The author 
states that a steel earth wire is provided for protection. 
We all include steel earth wires in our estimates, but I 
should lilce to ask the author if he has made any 



definite experiments or has any definite experience to 
prove that it really does give protection. The voltage- 
drop on the line,* with distances of between 8 and 20 
miles between substations, is given as 20 per cent. 
Does that figure*include the whole circuit? Calcula¬ 
tions that I have made on published figures of the 
Chicago, Milwaukee and St. Paul Railway, show, with 
an annual Saving of 20 per cent on tjie capital cost of 
electsification, that under normal conditions there is 


Through Passenger Trains {Omitting Local and Goods Trains),* 


Ref. to sections in Fig. A 

A 

a 

B 

0 

D 

E 

P 

Route 

/Bordeaux- 
\ Hendaye 

Dax-Pau 

Pau- 

Montr^jeau 

Montr6jeau- 

Toulouse 

Bourg-Mad*e~ 

Villefranche 

VTranche-Ilfe- 

l^erpigjian 

Distance in miles 

146 

62 

70 

66 

32 

29 

No. of through pas- 

c 

Up Down 

Up Down 

Up Down 

Up Down 

Up Dotvn 

Up Down 

senger trains per day 

9 9 

7 8 

4 6 

7 7 

6 6 

6 6 

Schedule speeds 
(including stops): 

Up Down 

Up Down 

Up Down 

Up Down 

Up Down 

Up Down 

Fastest trains, m.p.h. 

36 41 

42 40 

26 24 

40 36 

16 15 

15 14 

Slowest trains, m.p.h. 

18 18 

21 22 

17 18 

23 21 

13 J5 

' 12 10 

No. of stops. 

9 to 16 ] 

2 

7 or 8 

4 or 6 

6 

• 3 

Average run, miles .. 

16 to 9 

26 

10 or 9 

16 or 13 

6 

6 

Electric traction put 







into service 

Not yet 

1924 

Part 1922 

1924 

1910 

Part 1913 

Contact conductor .. 

— 

Overhead 

Overhead 

Overhead 

3rd rail 

Overhead 

System 

— 

D.C. 

D.C. 

D.C. 

D.C. 

1 phase 16 ro 

Volts on conductor ... 


1600 

1600 

1600 

860 

12 000 


* These figures are merely au indication of the through trains shown in Bradshaw's Continental Guide, but Fig. A and Table A facilitate the 
location of places and show the through passenger part of the services which are eleotricaUy operated. 
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an average loss of 12 per cent between siJbstations 
and trains; while the Norfolk and Western Railway- 
in America (single-phase at 11 000 volts) with three- 
phase motors shows similar economy but has an 
average Igss of Ij per cent in the circuit. The 650- 
mile Mhwaukee line buys waterpower at under 0*3d. 
per unit, and energy is cheaper than interest, etc., on 
more copper to reduce the average loss. The Norfolk 
and Western hauls'* coal ^9 miles and can sell at the top 
end of its gradient? every ton saved from its trans¬ 
port. Therefore it pays the ^ilway to put transformer 
substations 6 to 7 miles niapart and enough copper to 
bring down the average loss to 1^ per cent. In a 
report widely circulated by its author the statement 
was made that if he were to use single-phase current 
in South Africa at 11 000 volts as is done on the 
Norfolk and Western Railway, his substations would 
be 50 miles apart. The Norfolk and Western Railway 
is 29 miles long, and the substations if put at 50 miles 
apart would be over 10 miles beyond each end, which 
would be absurd. It is stated that the train lighting 
on the Midi Railway is supplied by a generator on the 
locomotive at 120 volts. We have a good deal of 
25-volt lighting for train service with generator and 
accumulators on each carriage, and I have seen as 
high a pressure as 60 volts used for lighting. If the 
author provides batteries to light the trains when the 
locomotive is not connected, it seems to me that he 
must have a 60-cell battery in each carriage. The 
curves for the Paulista Railway show no regeneration 
below 42 kilometres per hour for passenger trains, 
and none below 22 lolometres per hour for goods trains. 
The author banishes regeneration from the Midi Rail¬ 
way because the<* complication is greater ’^thaa the 
advantage, but in my opinion it all depends on‘•the 
nature, of the line. Regenesation in actual regular 
service wcjrks splendidly, but in^an emergency it has 
proved worse -than useless. In one case a train in 
North America ran away and was wrecked. The 
time limit available for that driver to get his regene¬ 
rative brake into action was 30 seconds, but tliis 
penod had passed before he knew the emergency had 
arisen. ^ The driver has to ascertain the field current 
and adjust it to the speed of the train before he throws 
in the armature to let it regenerate. It is an operation 
which throws a great strain upon the driver in an 
emergency, even if he realizes that the necessity for 
action has arisen. When studying the paper I found 
it necessary to prepare a map (see Fig.^ A) and I 
examined the frequency of train services and speeds 
(shown in Table A). These may prove useful to others. 

(10 January, 1924.) 

Mr. J. S&yers: The -first matter to which 1 should 
like to refer is the question of induction on single- 
ph^e lines. When the directors of the Midland 
Railway entered into their experiment on the Lancaster, 
Morecambe and Heysham line, they did so in order to 
see what was necessary on a main-line electrification 
and what should be avoided. At tliat time there was 
no practicable direct-current system at a pressure 
higher than 600 volts, and it was therefore necessary 
to adopt single-phase traction at 6 600 volts. As a 
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matter of fact that line, which was opened in 1907, 
was the first single-phase high-tension line in the 
British Empire. The matters which were to be chiefly 
investigated were, first, the trj^Lng-out of single-phase 
apparatus; secondly, the troubles which we expected 
to get from induction on communication circuits; 
and thirdly, the practicability of overhead collection at 
high speeds. The Midland Railway is pre-eminently^ 
a trunk telephone line; it carries what is called the 
backbone line ** of the Post Ofi&«e to Scotland. It 
was very clear, tlierefore, that they had to make quite 
certain of their ground before they adopted any system 
of main-line electrification. The scheme for counter¬ 
acting induction used on the Midi EJailway was con¬ 
sidered some years ago by the Midland Railway and 
patented by me in 1909, but it was not adopted, 
because it seemed to me that to erect special wires 
carrjnng current to do nothing else but overcome the 
inductive interference from the contact wire, was not 
a practical solution. I should imagine that the line 
upon which it has* been tried on the Midi Railway is 
a single line. This is, of course, a comparatively 
simple proposition; but if it were attempted to erect 
these counter-inductive wires oveihead on, say, four 
tracks passing through junctions, cross-overs, and so 
on, I think it would become a very complicated problem 
indeed. The next method which I tried was quite 
successful, but, I am afraid, equally impracticable. 
The idea was to charge the telephone wires with an 
E.M.F. 180“ out of phase witli the contact -wire to 
earth, and to charge the two wires tlirough a con¬ 
denser, the other end of the transformer winding being 
to earth. This was the only method with which we 
ever got silence in our very perfectly revolved telephone 
circuits. It is not very easy, however, to see how it 
could be applied to a large number of -trunk lines. 
For -that reason we gradually came to the conclusion 
-tliat the inductive trouble wi-th main-line working was 
a very serious matter indeed ; and as higher pressures 
became practicable for direct-current work we formed 
the opinion that direct current had the advantage that 
■the inductive trouble was very much less. The same 
reason has clearly influenced the Midi Railway, although 
we were quite unaware of it at the time. There is a 
very striking similarity between the best means we 
have been able to design for the contact system and 
-tliat of the Midi system. An overhead system is far 
and away the simplest method for main-line working. 
The chief trouble here, however, lies in the design of 
** pull ofi ** insulators, whose object is to hold the wire 
in the correct vertical plane for collection.' These 
insulators are the only source of trouble which we have 
experienced and I have therefore tried ^ad-ually to 
eliminate pull-offs. On curves this is quite simple, 
because the messenger wire is kept on one side and the 
droppers keep the wire to the curve of the rails. On 
a tangent track we stagger the messenger wire across and 
-fchis means -that the droppers hold the wire alternately 
on -the sides (see Fig. B). The rigidity of the contact 
■wire in a horizontal plane against storms and wind is 
actually greater than where a pull-off is used at every 
gantry. Fig, C shows -the results of tests with the old 
and new arrangements indicated in Fig. B. I should 



222 


BACHELLERY: ELECTRIFICATION OF 


like to know what the author has done in connection 
with avoiding joints in the contact wire. Joints are a 
weakness in every way, and generally they involve 

Old arraugemeiLt 


frequency surges. We put in an inductance leak to 
draw off static charges. It may surprise those who 
have had no experience with a line of this kind to 

New arraiLgement 



Details of adjustaile fitting 



Fig. B.—Old and new arrangements of overhead wiring on a Stf-chaSn curve between gantries <xi the Lancaster, 

Morecambe and Hey^ham line. 


extra inertia in a vertical plane, which is the very 
worst thing possible in high-speed current collection. 
The author did not touch on the question of lightning 
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Tension, in Ib. 


Fig. C.—Relation between upward movement of contact 
wire and tendon on a 30-chain curve. 

protection, but this is rather important. We have put 
in a set of MoscicM condensers to take charge of very 
high-frequency surges, and a Giles valve for moderate- 


know that the static charge on a wire, say, 22 ft. above 
the ground is very high indeed in certain stated of 
the weather. During the erection of the line we had 
numerous reports of men receiving shocks, although 
there was no connection with the power house. TThe 
last point to which I should like to refer is that of 
the power supply to a railway system. Evidenjdy the 
Midi Railway is going to have the great advantage of 
a combined railway and industrial generating station 
and network supply, at 50 periods. In this country 
there is at present a strong prejudice against 60-period 
large rotary converters. But as the Midk Railway pro¬ 
poses to adopt mercury rectifiers I take it that these 
will replace the rotary converters. Whether 60 periods 
can be used for traction purposes and, therefore, whether 
the railway systems can be joined up to the general 
power supply—^a very desirable thing in itself Jor 
economy's sake—has not been settled. ^Possibly it 
would be better to pay the extra cost of current and 
either run frequency-changers from the general supply 
or allocate certain stations and power supply systems 
to traction, than to run the exlra risk of shut-downs 
on a big transport system. 

Mr. F. LydaU: In this country we have seen the 
electrification of railways develop admost entirely along 
the lines of urban and suburban work, and that has 
necessarily been mainly confined to a direct-current 
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multiple-unit system operating at a low vol&,ge. The 
Midi R^way, on the other hand, has had a much 
more diverse and wider experience. It commenced 
with low-voltage direct current, and developed along 
the line§ of single-phase alternating' current. For 
locomotive work the single-phase system was first 
employed, followed by high-tension direct current. 
The account of this period is of great value to us in 
foreshadowing the points which may have to be con¬ 
sidered when we h*ive to deal with main-line electri¬ 
fication. In one re|5pect, however, the experience in 
h ranee does not strictl}» apply to what may happen 
in this country. The Ministry of Transport has deter¬ 
mined the system on which main-line electrification 
in this country is to develop, viz. direct current prin¬ 
cipally at 1 600 volts, with occasional exceptions.' We 
have also to consider, however, as an exporting country 
what advantages there may be in utilizing other 
systems under other conditions in other countries, 
and therefore the experience gained on the Midi 
Railway is of value as influencing our consideration 
of the possibility of single-phase traction on railways 
abroad which may be equipped with machinery and 
apparatus manufactured in this country. The chief 
trouble with the single-phase system on the Midi 
Railway seems to have been inductive disturbance. 
A very full account of these troubles, of the tests made, 
and of the attempts to overcome them was published 
in the French technical Press {La Technique Moderne, 
March and April, 1919). The author gives general 
reasons why the ^ French Governmfent decided to 
standardize the direct-current system, and as our 
Ministry of Transport came to exactly the same 
decision we naturally uphold that decisioiT. P thinir 
it should be recognized, however, that the single-j^ase 
system cannot be considered as having no place in 
railway electrification. As an example I may mention 
th^ electrification of the Virginia Railway in the 
United States. According to published accounts of 
this scheme the locomotives will have a maximum 
edacity of 20 000 h.p. For tliis output the electrical 
input will be about 17 000 kW, and if the d.c. system 
were qjnployed with a distribution pressure of 3 000 volts 
the current taken by the locomotive would be about 
6 000 amperes. No doubt it is possible to collect this 
current from an overhead line by using a sufficient 
number of collectors, but the cost of providing and 
supporting overhead conductors of sufficient section to 
carry such a large current would be very'^high if not 
altogether prohibitive. The single-phase system with 
a chstribution pressure of, say, 16 000 volts would 
avoid this difficulty. A short time ago I was privileged 
to, inspect ^various parts of the Midi Railway system. 
One of the substations which I visited contained three 
single-armature rotary converters, the other two mercury 
rectifiers. The rotary converters were, of coxirse, 

1 600-volt, 60-period machines, and the point which 
greatly impressed me was that practically no steps 
had been taten to guard against serious flash-overs 
on the rotary armatures themselves, except the pro¬ 
vision of high-speed circuit breakers. The brush gear 
was as simple as on an industrial 260-volt motor. I 
understood that they relied entirely upon the high¬ 


speed breakers to prevent flash-overs. One or two 
flash-overs had occurred but these were due to short- 
circuits on the overhead line immediately outside the 
substation, so tliat the current must have been very 
considerable and the conditions very severe. When 
such flash-overs occurred the machines had to be shut 
down and the commutators cleaned up, and this 
probably took about 30 to 40 minutes. We should^ 
not, I think, be prepared to face this risk on lines in 
this country. Another thing that-^I noticed was that 
there was no guard of any kind round the rotary con¬ 
verters. In place of lightning arresters, flash sup¬ 
pressors of the Capart type were'used. I should be 
glad if the author would say whether these are to^ 
protect the machine and apparatus in the substation 
from lightning troubles, or to prevent flashing-over 
due to surging caused by short-circuits. The rectifier 
substation contained two rectifier sets and a great deal' 
of other apparatus. The rectifiers were the smallest 
pieces of apparatus in the substation and were remark¬ 
ably compact. I should be glad if the author would 
^ve some additional information about them, as there 
is a pneral feeling in this country that they are liable 
to give trouble from backfiring. In a recent articl 
the efficiencies of these rectifiers were stated-^ to be 
as follows: On overload 96 per cent and at quarter 
load 93»2 per cent. I do not think that these 
figures show any substantial improvement on a 
really up-to-date 1 600-volt 60-period rotary converter. 
The general design of the locomotive ^as regards 
the method of mounting the motors on the axles 
is not very special. The interior of the locomotive 
struck me as being well arranged. There is a 
central aisle from end to end, on each side of which 
the control equipment is housed in compartments. 
The main motor-generator, which provides forced 
draught and auxiliary power for general purposes, is 
located in the centre of the aisle and is quite easy to* 
get past. The arrangement seems to me to be satis¬ 
factory, except that the back of the switchgear is not 
very accessible, and this may rather tend to increase 
the maintenance costs of the equipment as it stands. 

It is interesting to note that regenerative braking has 
been abandoned in favour of rheostatic braking, but I 
should like to ask whether‘that does not involve a 
considerable increase in the weight and volume of the 
resistances into which the return energy has to be 
passed, and also whether any arrangement is made for 
forced draught on these resistances to prevent them 
from overheating. Can the author give any figures of 
the expected return of energy by regeneration ? I do 
not think that we should take this decision of the 
Midi Railway as implying any doubt as td^the value of 
regenerative braking under suitable circumstalnces. 
There is, I believe, no idea of abandoning the system 
on the Chicago—Milwaukee Line, where it has been in 
use ever since operations started; and in the latest 
locomotive being built by the General Electric Company 
of America for the 3 000-volt Mexican Railway system, 
provision is made for regenerative braking. In regard 
to the design of the experimental passenger locomotives, 
it is noteworthy that Sir Vincent Raven in his paper 
read last year before the Institution of Mechanical 
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Engineers, suggested for the locomotive oscillations 
which take place a cause quite different from those 
mentioned by the present author. Sir Vincent sug¬ 
gested that these oscill^ons took place in the United 
States and not elsewhere because the rail joints in 
that country are staggered alternately from side to 
side, and that this may at certaiiT speeds of the loco- 
•^otive set up sideways and vertical oscillations which 
will synchronize with the natural frequency of oscilla¬ 
tion of the locomotive. It is difficult, of course, apart 
from actual experience and very elaborate experi¬ 
ments, to say whether one cause rather than another 
is definitely more likely to give rise to the trouble, 
but it is certainly worth while taking special note of 
the fact that both Sir Vincent Raven and the engineers 
d the Midi Railway took their courage in both hands 
and, in spite of the alarmist warnings of the engineers 
of the United States, built experimental locomotives 
which were symmetrical, and in both cases have found 
that their courage was fully justified and that no 
trouble was experienced. I should like to draw atten¬ 
tion to a long account of the working of the six experi¬ 
mental single-phase locomotives built by the Midi 
Railway, in the 14 December, 1918, issue of the Revue 
GiniraU d*Electriciti, The conclusions drawn in this 
article from the practical and theoretical discussion 
are very briefly as follows: There are five sorts of 
oscillations in connecting-rod locomotives, and such 
locomotives must have all these different kinds of 
oscillations to a varying extent asi the speed increases. 
The concluding remark is, I think, illuminating: 

Finally, geared locomotives are free from all these.” 
On the general question of the height of the centre of 
'gravity I am not satisfied that it is necessary to go 
to any elaborate and costly construction of the motors 
in order to secure a high centre of gravity of a loco¬ 
motive. A high centre of gravity is undoubtedly of 
practical utility, but it must be admitted that this 
height is dependent on the general construction of the 
locomotive rather than on the position of the motors 
in relation to the axles. Certainly not much is gained 
by merely lifting the motors above the centres of the 
axles ; in the passenger locomotive built by Sir Vincent 
Raven, the centres of the motors were 21 inches above 
the centres of the drivingraxles, but this had the effect 
only of raising the centre of gravity of the whole 
locomotive 3^ inches, compared with what it would have 
been it the motors had been mounted level with the axles. 

Mr. H, N. Gresley: The author has rendered 
great service in bringing so prominently before us tlie 
' far-sighted and wise policy of the French Government 
in allowing the railway companies to supplement their 
load by an industrial load, thereby improving their 
load factor. ® In England the position is, of course, 
quite different. The railway companies who wish to 
electrify will have to get their current from one of 
the power companies, or else have very great diffi¬ 
culty in maldng out a case—as we have seen on 
one of the lines which has recently started electrifica¬ 
tion. It would be interesting to know whether statu¬ 
tory areas of supply are allocated to various power 
supply companies in France. The electrification of 
railways is much more attractive in France than in 


England, because coal there is so much more expensive, 
and the Midi Railway uses water power. In this country 
a comparatively small zone is electrified—^in most 
cases where there is a very dense suburban traf&c and 
the load factor is, in consequence, very poqjr. There 
is a tremendous number of trains during the rush 
hours of the morning and the evening, and for the 
rest of the day there is a comparatively small traffic in 
cases where only the suburban passenger trains are 
worked electrically. On some of «the railways which 
have been electrified in that way a^procession of steam- 
drawn passenger and goods a»d mineral trains may be 
seen going over the electrified lines. If the cost of 
current were reduced and if the electric lines were 
extended to 40 or 60 miles, it would be practicable to 
take off the steam locomotives and use to much better 
advantage the capital which has been spent in a 
third-rail or overhead equipment. This would result 
in a very much steadier foad and a much improved 
load factor. At present the power supply companies 
should be able to supply current more cheaply than a 
railway with only a suburban traffic at a poor load 
factor; but if the load factor were improved I suggest 
that a railway company should be able to have 
its own generating station and produce power more 
cheaply than a power company. A railway company 
with all its many and varied properties in the way of 
lands, lines, steamships and hotels, etc., would offer 
very much better security for debenture holders than 
a company wliich has only a power station. It could 
therefore raise money at a lower rate of interest 
than a power supply company could. Again, if a 
railway company had electrified the bulk of its main 
lines and Obtained its power from er power company, 
it wtfuld practically be putting into the hands of that 
company for a period of <50 or 40 years—they require 
long agreements—^the whole of the power for .operating 
that railway. The railway would have no voice in 
the management, and would derive no .benefits from 
the economies which might be produced, as its agree¬ 
ment would be at a fixed rate. I suggest that it 
might be possible for railways when electrified to maJce 
some co-operative arrangement with the power com¬ 
panies by which the railways themselves would have 
a direct interest in the power company. Possibly 
they might ^sist in financing the extra equipment 
required, in which case they would require to have a 
voice in the management and some representation on 
tlie directorate of the company. 

Mr. A. T. Dover : In connection with tire sub¬ 
stations equipped with rectifiers and rotary converters, 
would the author give, if possible, the all-day effi¬ 
ciencies of these stations under similar loads, and also 
figures for the pressure regulation ? Also,* would te 
indicate what staff is required in the two classes of 
substations, and say whether periodic overhauls of 
the rectifiers are necessary ? Do the ripples in the 
d.c. pressure cause any extra wear in the gears or in 
the motor bearings ? The author's opinion would be 
appreciated on the question of the practicability of 
making fully automatic the rectifier substations supply¬ 
ing branch lines having light traffic. Has this been 
tried out in practice, and are the results as favourable 
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as those obtained with automatic rotaxy-converter 
substations ? At the top of page 216 it is stated that 
the low-tension auxiliary service set on the passenger 
locomotive is rated at 72 kW, T his is probably a 
misprint,*33 72 kW is rather excessive for a locomotive 
equipped with four 360-h.p. motors. In dealing with 
track bonding, the author mentions that a number of 
experiments have been carried out with different 
types of bonds, the type finally adopted being one 
which bonds the fiShplates to the rails, the bond being 
fixed by means of «plit pinfe and through bolts. Can 
the author give any fiftther details of that S 3 rstem ? 
The general practice in this cduntry is to fix the bonds 
by hydraulic pressure. In describing the motor-car 
for suburban and branch-line services the author 
states: “ The tractive effort is transmitted from the 
truck frame to the swinging bolster through articulated 
drawbars mstead of the ordinary friction plates." 
That seems to be a new method, and I should be glad 
if the author would describe it more fully. 

Mr. R. L. Morrison: At present in connection with 
the Midi Railway electrification scheme there are 
altogether five substations equipped with mercury- 
arc rectifiers, the total capacity amounting to about 
19 000 kW, representing 16 sets each of 1 200 kW. 
These have been installed, I believe, where the loads 
are the severest, i.e. where the inclines are greatest. 
They are designed to deal with pressures up to 
1 800 volts on the d.c. side. Rectifiers are specially 
suited to traction conditions, due to the fact that 
they are capable of handling extremely lieavy momentary 
overloads hnd heavy short-circuit conditions. In fact, 
one is hardly conscious when near such ^plant that 
short-circuits hate occurred, except for tlie topping 
out of the circuit breakers. It will be noticed ^from 
the lantern slide which I ^aH now e:^ibit that for 
long periods the overload capacity, is not great, but 
for short periods extremely heavy loads amounting *to 
several hundred per cent overload can be handled, 
and under some circumstances for as much as 2J minutes 
aj; a time. It is the property of the rectifier in this 
respect that makes it so suitable for these particular 
condkions. The next slide shows a short-circuit curve 
taken on one of the Midi rectifiers. The normal current 
rating was 400 amperes and at the time the test was 
made the d.c. pressure was 1 800 volts. It will be 
noticed that before the circuit breaker cleared, the 
current rose*to 8 700 ampereS, or 22 times the normal 
value. Sixty similar short-circuits were'’ applied for 
two days in succession, after which the cjdinder was 
opened up and found to be in precisely the same con¬ 
dition as when sealed up prior to the iest. Mr. Lydall 
has refeirrfd to the high-speed circuit breakers used in 
connection with some of the rotary Converters. Similar 
(fircuit breakers are used in connection with the. recti*- 
fiers. As seen from the next slide, this breaker is of 
novel design, the object being to cause the arc to 
spread out right round the circuit breaker. This is 
obtained by providing a heavy magnetic blow-out 
field round the switch, and from the next slide the 
effect of this field on the path of the arc is clearly seen. 
The switch is designed to open in about 1/100 Second, 
and when the photograph was taken the short-circuit 


current amounted to 8 600 amperes. The n^t slide 
shows the same switch opening with 8 700 amperes-^ 
in this case the arc has travelled a good deal further 
round tlie switch. The total resistance in the circuit 
at the time was 0-026 ohm, while the switch opened 
in 1/60 second. The next slide is a photograph of one 
of the Midi sets, lit consists of two cylinders each 
rated for 600 kW, with a vacuum-pump set commoir» 
to both. The vacuum-pump set has recently been to 
some extent simplified, especially for automatically 
operated equipments, and the vacuum gauge in such 
cases would be of the direct-reading type, in appear¬ 
ance simile to an ordinary voltmeter. The next 
slide gives the test figures of the IVSdf sets to which 
Mr. Lydall has already referred. The efficiency curve 
includes all losses. The power factor at J load is 
lower than what might be expected in the normal 
case and, in this instance, is due to the fact that a 
12-phase connection is utilized instead of a 6-phase, 
which results in a rather complicated set of windings. 
The inherent regulation of these particular sets, talcen 
i on the basis of a constant primary pressure, amounts 
to a trifie under 3 per cent. The next slide shows 
efficiency figures obtained on another high-tension 
traction rectifier designed for 1 200 volts (d.c^^ which 
has been running for some years at Ekeberg, near 
Christiania. The power factor is very high, dropping 
only to 90 per cent at J load, while the efficiency is 
also very high. Automatic control of rectifiers has 
been higlily developed and excellent results have been 
obtained with relatively few relays. The connections 
are simple and, in spite of what has been said by one 
speaker relative to the unsatisfactory operation of 
rectifiers, it can now be definitely stated that the 
earlier troubles have been so far eliminated, by 
improved design and other conditions, that the recti¬ 
fier is now well on the road to being as reliable in 
operation as any other form of converter. 

Mr. G. E. Fairburn: I do not think the author 
gives the impression that the regeneration system has 
been abandoned because it was in any way inefficient 
or because it did not work properly. Rheostatic 
braking is preferred to regeneration, because the 
mercury-arc rectifier substations have been placed on 
severe grades. It is impossible to regenerate into a 
mercury-arc rectifier, and when regeneration is started 
the return current flows to the nearest rotary-converter 
substation. In consequence the distance between the 
locomotive and the rotary substation is often very 
great, with the result that the consequent voltage on 
the line, is very high, and this affects all the apparatus. - 
The lantern slide shows a skeleton diagram giving 
the main coimections. The main motor armatures 
are connected two in series with a small buffer resistance 
across the line. The fields of the motors are separately 
excited from a variable-voltage generator on the field 
of which tliere are some reverse turns in series with 
the regenerated current. This helps to regulate the 
current-rushes. The actual control of the regenerative 
braking is by varying the shunt field on the variable- 
voltage generator. The next slides show the relation 
between torque and armature current at a line pressure 
of 1 600 volts, and also at varying voltages. An auto- 
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matic relay provided to prevent the armature current 
becoming more than 3*6 times the field current. The 
next slide shows the results of some tests taken l^t 
year. Actually the locgmotives had been regenerating 
some months before that, and they have been regener¬ 
ating satisfactorily up to the present date. These 
tests were carried out on a gradient at Capvem between 
'"Toulouse and Tarbes. This gradient has a constant 
slope of 3*3 per cent for 11 km, and it will be seen 
that a considerableramount of energy was regenerated. 
There is no trouble with this system of regeneration. 
The switch is thrown over to “ regeneration ” and an 
ammeter is provided showing the field and armature 
currents side By Cide. The only rule which the driver 
has to obey is that the needle for the field current 
must, not pass that for the armature current. If it 
should do so, the automatic relay comes into operation. 
The driver operates the master controller exactly as 
if he were using it for driving the locomotive. 

Mr. G. W. Partridge: The author states that the 
system is protected against pressure-rises by earthed 
reactance coils with iron cores, and against steep-front 
surges by Capart apparatus consisting of mica con¬ 
densers branched between two inductive coils, one of 
which is shunted by a resistance.^' I should be glad 
if he would describe this arrangement more fully. The 
paper states that the protection of d.c. machines is 
provided for by high-speed circuit breakers and an 
•earthing device composed of a condenser shunted by a 
resistance, but I should like a little further information 
on this point. Does the term ” high-speed" mean 
that the actual circuit is opened quickly at the moment 
the circuit breaker commences to start, or does it 
mean that a circuit is opened instantaneously when 
any disturbance occurs ? I entirely agree with Mr. 
Lydall that in the supply to a railway, if these circuit 
breakers are set to open immediately there is any 
trouble on the system, various sections of the railway 
are liable to be shut down. Shock upon shock is 
thrown upon our station supplying suburban railway 
systems, and if the main circuit breakers opene|d every 
time there was a short-circuit, it is certain liiat the 
supply would be badly affected. I can conceive diffi¬ 
culties in tile way of giving a commercial supply in 
certain districts where there might be rather heavy 
pulls on the railway, which would, I imagine, upset 
the regulation or cause drops in pressure on the com¬ 
mercial supply; whereas pressure-drops in moderation 
would have very little effect on the working of the 
railway. Has the author considered an apparatus for 
limiting the maximum demand in certain districts ? 
If the charge made to the Mdi Railway for current is 
on the prind;gle of so much per kW of maximum demand 
with an additional charge per unit, the lower the maxi¬ 
mum demand can be kept the better. I believe that 
this systmn has been tried in America with some suc¬ 
cess. Mr, Gresley seems to think that the supply 
company's tariffs are too high to-day. My experience 
is that most supply companies to-day are charging 
the public almost pre-war rates. In the case of rail¬ 
ways, everybody will appreciate what it costs to travel 
and to send goods by rail at the present time compared 
with pre-war days. I can conceive that under certain 


conditions it might be to the advantage of a railway 
company to own the power station, but Mr, Gresley 
overlooks the fact that railway companies have no 
powers to sell electricity to the public, and so long 
as the supply companies have powers to sell /electricity 
for its various uses, and so long as from year to year 
these various uses are multiplied, there may come a 
time (not far distant) when thg supply companies will 
be selling electricity to certain users under special 
conditions at lower rates than thbse charged to the 
railway companies. I therefore fa^l to see how a rail¬ 
way company can generate 'electricity more cheaply 
than a large supply undertaking with vaxious users of 
its supply. I can assure Mr. Gresley that in malcmg 
a contract with any supply company there is very 
often a clause to the effect that the railway company 
should have the benefit of any improvement in the 
art so long as the company agrees to pay reasonable 
interest on the capital expended. Then, aga.in, I 
think that it would be quite a reasonable condition in 
a contract if the charges were revised every 10 years, 
so that the railway company would not be left in the 
hands of any one supply company over a long period 
without power to modify the rates of charge if circum¬ 
stances justified revision. The railway companies may, I 
think, safely leave the supply of electricity in the hands 
of those who have spent their lifetime in the industry. 

Sir J. A. F. Aspinall (communicate^ : It is grati¬ 
fying to find that the French Commission came to the 
conclusion that their traction system should be direct 
current at 1 60Cr volts, as this is,the same as that 
recommended by the Electric Railway Advisory Com¬ 
mittee in this country. It is also interesting to know 
that some'^of the French companies-wish to keep to 
the fise of the third rail although they will use 1 500 
volts. The nearest pr^seht approach to this in this 
country is on the Manchester and Holcombe Brook 
line of the London, Midland and Scottish Railway, 
where 1 200 volts is carried on a side contact rail with 
great success and security. The author's praise of the 
mercury rectifier is very encouraging. The breaking pf 
axles is being wisely overcome by bolting the gears to 
the driving wheels. Locomotive engineers havoi long 
been familiar with the fact that any stiffening of the 
axle at any one point due to anything being bolted 
round it may cause fractures, and more especially 
when a keyway is added. Uniformity of flexibility 
throughout the axle is a safeguard. Am I right in 
assuming tlfkt the author would accept regenerative 
braking on those railways where there are long inclines ? 
I am in complete agreement with the author's remarks 
in regard to locomotive construction. *The introduc¬ 
tion of reciprocating movement by the use ^of outside 
rods is most undesirable. As in the first place we have 
the rotary motion of the motors, to conveirt this into the 
reciprocating motion of the rods, and then reconvert 
it into the rotary motion of the wheels, has always 
appeared to me to be a mechanical abomination. 
There are other and more attractive designs, and when 
this great French electrification of railways is more 
advanced we shall see these preliminary difficulties 
swept away very rapidly on account of the large field 
for experimental work. For instance, the locomotives 
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with twin vertical motors to which the author* refers, 
have some very good points, and had this method of 
driving been applied to engines specially designed for 
it, the details would have worked out in a more 
advantag^us way. The author also recognizes the 
advantage of a high centre of gravity. In conclusion, 
I quite agree with his view that the generally-held 
opinion that the S3nnmetrical wheel-base makes for 
unsteady running os a fallacy. 

^ Mr. J. Dalziel i^oinfyiuniceUed) \ It may be remem¬ 
bered that the late Mdland Railway in its Heysham- 
Morecambe-Lancaster installation was the first to put 
single-phase traction into operation in this country. 
Various officers of the Midi Railway, in fact, visited 
that installation whilst their own scheme was under 
consideration. The adoption of a single-phase S 3 rstem 
by both railways was dictated by the same considera¬ 
tions, viz. that for main-line work the overhead col¬ 
lector system promised the best results and appeared 
to be the most feasible, and, as things were then, the 
single-phase system was the only practically applied 
system with which an overhead line could be used 
for heavy traction. As high-voltage direct-current 
systems working oft an overhead wire are now avail¬ 
able, and as the arguments against single-phase current, 
of intensified induction efiects oh weak-current lines 
and neutralization of the advantage of substation 
simplicity when 60-period supply is used, apply equally 
in this country as in France, one has to agree that 
there is no longer any substantial vogue for the single¬ 
phase system in this country, even iffiough one must 
still contend that it has certain adv^tages in heavy 
traction which are of some importance, and that with 
modern development of its apparatus there i3 no’reason 
why it should not attain a standard of reliability^ and 
of lo^r cost of maintenancefl» nearly. equal to that of 
direct-current apparatus. It is stated in the paper 
th5t certain companies wish to adhere to the use of 
the third rail and use 1 600 volts tiiereon; there is a 
similar sentiment among some engineers in this country, 
and it would be of interest if the author would give 
the reasons which dictated his own disagreement from 
this I^olicy and his adoption of overhead collection. 
In the meantime the third-rail s^tem is practically 
standard in this country for urban and suburban work, 
chiefly due to the necessity for connecting up, and 
inter-running, with existing third-rail installations. It 
is still a master of controversy whether it should be 
extended to main-line work or the overhead system 
preferred. The latter is the practice in nearly every 
country and railway that has instituted main-line 
electrification, Sind, speaking for myself, it would seem 
tq be the obvious course, for while an overhead 
contact line can be applied without break of continuity 
throughout all lines and sidings, the third-rail system 
is subject to interruptions where it must be reinforced 
by lengths of overhead collection. Gaps must always 
occur in the third rail at points, crossings, etc. Multiple- 
unit passenger trains can bridge these or coast over 
them, but locomotives certainly can neither bridge 
them nor alwa 3 rs coast over them, especially in freight 
service, where they occur, almost of necessity,, at the 
very points where a shunting locomotive wiE have to 


do most of its starting and stopping. It would seem 
that the question resolves itself into this : If an over¬ 
head conductor can do all the work, and the third rail 
cannot and requires overhead ^assistance—with some 
complications—at intervals, why use the third rail at 
all ? It* may be that these considerations, with per¬ 
haps others, carried weight with the author. On 
page 214 the use of S 3 mchronous condensers of 
60 000 kVA total capacity is mentioned. If the purpose 
of these is to correct power factor, as presumably it 
must be, it would be interesting to know whence comes 
the very low power factor .which is implied by the 
use of these machines and their very high capacity. 
Presumably it is the industrial loadswhich gives rise 
to their necessity, as one would hardly expect a purely 
traction load fed through rotary converters and mer¬ 
cury rectifiers (which are not comparably much lower 
in power factor) to need such correction. - Another 
question that might be asked in this connection is 
why moving machines were used in preference to 
static condensers ? The answer may be that the 
latter were not developed to the point of practical 
efficiency at the time the author had to make his 
decisions. The author's testimonial on pages 214 and 
216 to the satisfactory operation of his 16p0-volt 
60-period converters and of his 1600-VDlt mercury 
rectifiers is particularly valuable if, as one believes to 
be the case, this voltage is so far the highest in 
practical use on both t 3 q)es of apparatus. One is given 
to understand that mercury-rectifier apparatus of, still 
higher d.c. voltage is in course of installation. With 
regard to sectionalizing (referred to on page 216) it 
would be interesting to know what length of section 
is cut out automatically when a breakdown occurs. 
It is also not quite clear whether tliis cutting out is 
done on the high-tension line or the contact line. If 
the former, one would also like to know into what 
length of section the contact line is divided, and whether 
the sections are automatically isolated. On page 216, 
in the description of the first two types of engine, it 
is mentioned that the couplings and buffers are fixed 
to the truck frames and not to the locomotive body 
proper, as is more usual, the object being to avoid 
the transmission of tractive effort by the centre pins. 
It would appear that the* author's method would 
exercise some restriction on the free radial play of the 
bogies in passing round curves. Has any such effect 
been observed ? Regarding the author's remarks as 
to regenerative braking, I should like to ask to what 
extent the comparatively very small value of the 
regenerative current on the Midi Railway has influenced 
the decision arrived at, TJhere is no question that 
unless the value of the regenerated current is sub¬ 
stantial, ihe additional control gear aifi additional 
complication introduced will restrict its use to tiiose 
cases where gradients are very heavy and the value of 
the current is unusually high. It is clear from the 
author's remarks that the saving in brake-shoe and 
track wear and tear claimed for regenerative braking 
is being obtained on his very heavily graded line by 
the simpler method of rheostatic braking. The autiior's 
express locomotive and his exposition of the charac¬ 
teristics governing the design of such locomotives qxq 
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of special interest. One is glad to note that he objects 
to rod locomotives, on the grounds that they give rise 
to stresses leading to breakage of rods, cranks and 
even of the engine fra^pe " and, the expressed opinions 
of certain of our leading technical journals notwith¬ 
standing, it will be agreed that in these remarks the 
author expresses the general consensus of opinion with 
regard to such locomotives. He does not, of course, 
suggest that there is no rod locomotive giving modified 
satisfaction, but only that it is a species which is 
d 3 dng of its own infirmities and had better never been 
invented. The author's vertical motor is a new 
departure which has the advantages, at least, of helping 
to raise the centxe of gravity and of putting the com¬ 
mutators and brush gear into the cleanest and most 
accessible position available, I doubt whether the 
author's bevel gear can have any advantages over, or 
even be equal to, straight spur gear as regards either 
efficiency or maintenance, and it is generally accepted 
that bevel gear requires greater accuracy in alignment 
and setting than straight gear. The author's views as 
to the satisfactory operation of symmetrical wheel¬ 
base locomotives are rather opposed to those held by 


traction ''engineers generally with reference not only 
to elecbric but also to steam locomotives j it is 
genially considered that for trailing purposes a 
centrally mounted bogie is not so suitable as a single¬ 
axle or two-axle truck pivoted forward of ^ts centre. 
Though the riding qualities may be sufficiently satis¬ 
factory both ways, it is certainly the case that some 
engines with a leading bogie 3 'iid a trailing axle 
pivoted as mentioned above ride much better with the 
bogie leading than with the bogie^trailing. Of course 
the inferiority may arise •more frgm the fact that the 
single-axle truck is a bad loader than from the fact 
that the bogie is a bad trailer, but it is at the rear end 
that it shows the most. The author's locomotive will 
certainly be one of the most interesting so far put on 
rails, and if its riding proves his contentions it will 
not only mark a step forward in electric locomotive 
design but relieve a certain amount of anxiety on the 
part of electric locomotive designers on the subject of 
wheel-base symmetry. 

[The author's reply to this discussion will be found 
on page 230.] 


North-Eastern Centre, at Newcastle, 26 November, 1923. 


Mr. H, W. Green : It is unnecessary to go outside 
our own country (or, in fact, outside our own locality) 
to learn of the reliability and successful results obtained 
with electric traction. The few lines on which this 
system has been adopted in this country have proved 
such a success that one is apt to wonder why further 
electrification is not taking place more rapidly. Every 
railwayman is proud of the steam locomotives now 
in service and of their performances, but they compare 
very unfavourably with electric locomotives. A number 
of economies which are effected by the adoption of 
electric traction are enumerated by the author, and 
these cannot be too often repeated. There are others 
not mentioned which are worth adding. Turntables 
would be unnecessary, due to the locomotives being 
arranged for driving from either end. The number 
of locomotives required would be reduced owing to 
the longer time they cou^ be kept in service. Trains 
could be double-headed and still have a crew on only 
one engine. It would be interesting to know what 
savings the Midi Railway have effected in this respect 
and what they anticipate on the complete scheme. 
The limit to the size of locomotives has almost been 
reached and it would seem that if heavier trains and 
the existing or higher speeds are to be maintained, 
then the only solution is electric traction, in which 
the motive power is accommodated in considerably less. 
space and is reduced in weight. This point was very 
clearly illustrated in a paper by Sir Vincent Raven 
a short while ago. The present tendency appears to 
be to consider electric traction for lines over which 
there is an assured traffic, but the fact that electrifica¬ 
tion invariably results in increase4 traffic should not 
be overlooked. This applies more to the suburba^n 
lines, and it would be well to bear this in mind in 
connection with lines over which there is not a large 


traffic. A better and more frequent service would 
undoubtedly lead to the opening up of many suburban 
areas and reduce the overcrowding in many’ of our 
towns. " * 

Mr. F. H. Williams : In considering electric traction 
in a general way it has been fairly common to consider 
Contircental practice as essentially Jpased on the use 
of act. motors for transmitting the power to the driving 
wheels, and British practice as favouring the use of 
d.c. motors. This generalization has led to the im¬ 
pression that engineers in this country were not prepared 
to consider the possibilities of a.c. traction motors; 
but this is quite erroneous, and in considering any 
new schemes it is usual for both possibilities to be 
carefully explored and the decision to be arrived at 
purely on merit. On page 214 the autlior mentions 
that locomotives are to be fitted with gear for collecting 
current from a third rail as well as from an overhead 
conductor. It would be interesting to have some 
information on this matter, and also to learn what 
type of third rail has been standardized^and whether 
any special "Steps are being taken to prevent accidental 
contact, both with the third rail and with the collector 
shoes. It is by no means easy to design a third rail 
which will give reasonable safety vdien used with 
1500 volts. With regard to the cam-shaft control, 
how does this compare with the ordinary contactor 
control, and is any extra difficulty experienced in 
starting' heavy trains on gradients when the rails are 
greasy, i.e. does the cam control return to the starting 
position as quickly as the ordinary contactor control ? 
In regard to bonding, were the troubles referred to in 
the paper due to mechanical failure or to bad electrical 
contacts ? I do not think the form of bond described 
is much used in this country,, a ribbon type or stranded 
bond fitted under the fishplate being usually adopted. 
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I have seen a ribbon bond which had been submitted 
artificially to over a million vibrations and was still 
practically as good as when the test was started. If 
the troubles experienced were due to poor electrical 
conductiviJ:y, I should like to know what they were 
and how they were discovered. Has the author found 
any satisfactory method of measuring the conductivity 
of bonds, using the curpnt flowing in the rails ? So 
far as I am aware, there is no satisfactory method 
of doing this, and th» only way of making a satisfactory 
bond test in situ is tp use a special form of Ducter.” 
Measurements made with this equipment are very 
satisfactory and reliable but,* unfortunately, require 
the rail to be made dead.*’ Badly bonded joints 
can readily be detected in frosty weather by an examina- 
tion of the joints directly after a train has passed, 
as the frost or snow will have been melted round the 
joint. 

Mr. R. J. H. Beaty: The greatest novelty mentioned 
in the paper is the rotary converter to work on a 60-cycle 
supply and give 1 500-volt direct current, but it is 
not described in detail, and the fact that it has a radial 
commutator is not even mentioned. What is the 
peripheral speed of this commutator ? This is really 
a reversion to d.c. turbo-generator practice, which 
was thought to be extinct. Perhaps the day is not 
far distant when we shall completely enclose these 
machines, fill the case with compressed air, try to run 
at a higher voltage per commutator bar, and so reduce 
the peripheral speed. These abnormal t 3 rpes would 
not be necessary were it not that absurdly high fre¬ 
quencies have been standardized in most countries. 
We are told that a voltage of 1 500 has been chosen 
to allow the third-rail system to be used, ?>ut is this 
system necessary or desirable ? It may be all right 
for tul^e or overhead railways where there are no level 
crossings and few junctions, so** that the rail can be 
fairiy continuous, but on most ordinary railways there 
are numerous private crossings leading to fields, each 
of which crossings necessitates a break in the third 
rail. Would not this be rather distressing at 90 miles 
an hour ? A drop of 20 per cent in the line voltage 
under jiormal service is not a testimonial to the wisdom 
of standardizing tliat pressure at .1500 volts, if the 
high-speed breaker can be relied upon. It is rather 
disappointing to hear that regenerative braking has 
been abandoned, as one would expect that a considerable 
•amount of power would be regenerated on the I in 
25 and 1 in 30 gradients mentioned in the paper. The 
first two types of locomotives are fitted with motors 
of the wheelbarrow type, a survival of the unfit. In 
these the drivifig force is vertical as in some of the 
pipneer steam locomotives, but this method was dis¬ 
carded by Stephenson over 90 years ago owing to 
the whole engine being rocked on its springs. In this 
type of motor, however, the rocking is reduced by 
having half the weight unsprung, a state of afiairs 
which can hardly be accepted as the final solution. 
The 4-6-4 express locomotive is one of the most inter¬ 
esting machines mentioned in the paper, and its evolution 
is a step in a direction in which progress has been all 
too slow. The author’s remarks on nosing will take 
a permanent place in the history of electric railways, 
VOL. 62. 


The 4-8-4 locomotive is said to be capable*' of pulling 
a 600-ton train, presumably as a test load only. Far 
too many passenger trains have been broken in two 
in recent years, and, so far as thjg country is concerned, 
300 tons should be the limit for any passenger train. 
I think that if we had an electric locomotive capable 
of taking a 300-ton -ferain up a 1 in 100 gradient con¬ 
tinuously at 60 miles an hour our booked speeds could 
be considerably improved. At the present time we 
have to compete only witli the inefiicient steam loco¬ 
motive, the power of which, as is well known, is 
limited by the size of boiler that can be built within 
the loading gauge; but the future may bring forth 
an internal-combustion locomotive ®freb from this 
limitation and capable of giving a constant pull over 
a fairly wide range of speed. I think it is desirable 
that British engineers should study the conditions 
which exist on their own lines and deal with them in 
their own way without being unduly influenced by 
foreign practice or limited by standards prematurely 
fixed. 

Mr. H. R. J. Dimthome (communicated): The 
outstanding feature of the paper is the magnitude 
of the undertaking described therein, and one would 
have liked to have asked the author for some informa¬ 
tion as to the estimated cost of the work divided over 
permanent way, rolhng stock, power stations, sub¬ 
stations and distribution. It would be interesting 
to know how the system adopted compares with straight 
single phase using e.h.t. distribution with step-down 
transformers on the locomotives, and series motors, 
in respect of first cost, running costs and overall 
efficiency; and also how the work is being financed, 
i.e. out of revenue, by increase in capital or by State 
aid. It is not without interest to note that France 
is at present in a position to carry out works of this 
magnitude. Attention has been drawn in the discussion 
to the type of overhead construction adopted and to 
the restrictions imposed in this country. There appear 
to be two methods which may be adopted in dealing 
with safety measures for a comparatively new and 
rapidly expanding industry : (1) To make the minimum 
or no regulations at the outset, and to make or add 
regulations as accidents or other causes point to their 
necessity. This, to some extent, was the way in which 
the Factory Acts were built up; and a heavy toll of 
life and limb was taken before the present, by no means 
perfect, rules and regulations were evolved. (2) The 
second method is to make stringent regulations at 
the outset, providing protection from every probable 
or, one might almost say, possible form of danger 
connected with the business, and to relax or modify 
these in the light of experience and, in the cas^ of electric 
power distribution, improvement in the reliability of 
switching and other safety appliances. While it may 
be argued that this method imposes an unduly heavy 
burden on an infant industry, it certainly prevents 
the growth of vested interests in unsatisfactory and 
even dangerous methods, which are frequently most 
difficult and, generally, very costly to deal with. One 
finds an excellent object lesson in the lighting of 
passenger trains, where gas lighting is still retained. 
The decision as to whether the first or second method 
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shall be adopted appears largely to depend on the 
value placed on human life. Finally, it may be pertinent 
to remark that even in America it has been found 
necessary to adopt thg slogan Safety First/' 

. Mr. W. D. Horsley (communicated ): A very striking 
feature in connection with the paper is the great 
rapidity, extent and thoroughness of the recent develop¬ 
ments of the Midi Railway. No comparison should 
be drawn with progress in this country. In France, 
and particularly qq the Midi Railway, the conditions 
obtaining demand electrification. Coal costs probably 
four times as much as in England, and with the large 
amount of water power available an alternative to 
electric tractioi? can hardly be considered. Other 
advantages such as higher average speeds, due to 
the overload capacity of the electric locomotive, and 
increased capacity of a given line for the same number 
of tracks, are common to all electrification schemes. 
It is of very great importance to hear of the adverse 
experience with regeneration on the Midi Railway. 
In view of the fact that this has always been, claimed 
as one of the advantages of the electric locomotive, 
it would be of great value if the autlior would amplify 
his remarks concerning this point. What actual saving 
of en^gy has been obtained and what are the difiSculties 
experienced ? The author states that " the present 
programme is to establish around our mountain or 
seaside resorts a service of light and frequent trains." 
In the case of the former, at least, will not regeneration 
effect a large saying and compensate for any slight 
complication ? 'VVith a regular and frequent service 
of trains in a hilly district it would perhaps be possible, 
with the line sections tied, to dispense with rotary 
machinery in the substations while still retaining 
regenerative braking. No interchange of energy would 
take place through the substations, but only through 
the line, the effect being simply to take less current from 
the supply. With regard to the mercury-arc rectifiers 
mstalled, it is not clear whether there are 12 phases 
or whether two 6-phase rectifiers are fed from a single 
transformer. The ripple in the d.c. voltage must be 
slight and, as stated in the paper, would not be likely 
to affect the operation of the motors; but it would 
be of interest to know whether any trouble has been 
experienced from this ca^ase through interference with 
telephone lines. The Midi Railway has undoubtedly 
had a unique experience with electrification schemes 
and it would ^e of great value if the author would 
give some further comparisons of the single-phase 
^d d,c. systems, particularly with regard to first 
cost, maintenance and overall efficiency. 


Mr. A*, jSachellery (in reply ): There is no doubt 
^at cheap electrical energy produced from water power 
is a very important factor in the development of railway 
electrification in France. Up to now, only suburban 
sections have been supplied with current generated by 
steam. The Paris-Orleans Company, however, proposes 
to use for its Paris-Vierzon line electrical energy obtained 
from the combustion of fuel and also from hydrO’-electric 
plants. All the power to be produced in the Midi 
Company's power stations will not be used for the 


railway, at any rate at first, and tlie company intends 
to sell its surplus electrical energy. This can be done 
only by permission of the Government. As I have 
mentioned, our experience both with 60-cycle rotary 
converters and with mercury-arc rectifiers ^has been 
quite successful. Practically no fiashing-over occurs 
in our substations equipped with rotary converters. 
These machines include a cylindrical commutator but 
not, as Mr. Beaty believes, a radial commutator. We are 
to have, in a number of substations, English Electric 
rotary converters with radial commutators, but they 
are not yet in service. 

Concerning the reasons why overhead collection has 
been chosen rather than third rail, tliere is not much 
to add to Mx. Dalziel's views on the subject, I may say, 
however, that we have a great many level crossings 
and, moreover, that on an existing railway it is often 
difficult—^and would have been so in our case—^to 
design a 1 600-volt third rail so as to leave the necessary 
clearance from permanent obstacles along the track and 
also from the rolling stock. 

The synchronous condensers provided in the trans¬ 
former substations not only are intended to improve 
the power factor, which is lowered by the industrial 
load, but are also necessary for the regulation of the 
voltage at the extremity of such long lixies as ours. 
They can accordingly supply either leading or lagging 
wattless current. 

The voltage-drop of 20 per cent is calculated from 
the substations. This is, however, not an average figure 
but a maximunr one corresponding^^ to a full-load train 
half-way between two substations. It is not, therefore, 
to be compared with tlie average loss of power calculated 
on other Electrified systems. 

A-atomatic switches to cut out a defective section are 
provided on the high-tension line as well as gn the 
traction line. They are located in the substations. We 
have experienced no difficulties with the communication 
circuits due to interference from the 60 000-volt wires 
(which are fixed on tile same supports as the contact 
line) except in the case of a short-circuit, wliich produces 
an inductive shock. The only precaution taken ^to 
prevent induction from our high-tension transpojpt lines 
is the periodical transposition of the three-phase wires 
on their supports. 

Voltage fluctuations in the direct-current wires, due 
to the use of mercury-arc rectifiers, give.in tlie telephone 
a low musical note which does not prevent hearing. 
We prefer ^ort track bonds to long ones because they 
are cheaper and less liable to be stolen. The difficulty 
was to find a t 3 rpe of short bond which would not be 
very quickly broken by the motion df the rail ends. 
The system which I have described seems to ans^yer 
this purpose. 

We have experienced no difficulty as regards restric¬ 
tion of free radial play of the bogies of our two-truck 
machines due to the couplings being fixed to the truck 
frames. On the contrary, in order to run such machines 
at a speed of 60 mUes per hour, experience has led us 
tQ add to this restriction by putting in lateral buffers 
between the two trucks, where there was originally 
only a central coupling. 

We have only one motor-generator set to feed the 
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auxiliary circuits on our locomotives. To have two such 
sets would certainly be safer, but also more expensive. 
My observation, however, did not allude to this, but to 
the fact that to drive the various auxiliary apparatus 
by special 1 500-volt motors instead of by low-tension 
motors would be a mistake, small 1 600-volt motors 
being very liable to get out of order. It is, in fact, 
because this motpr-ge^erator has to supply all the 
auxihary motors on the locomotive, including the air- 
compressor, and alsb to excite the traction motors when 
regenerating and to provide tlie lighting of the train in 
some cases, that it has to be capable of an output of 
72 kW. The 600-ton load on Which we based the study 
of the 4-8-4 locomotive is not, as Mr. Beaty thinks; a 
test load, but a practical load which has already been 
attained quite frequently by our steam-driven express 
trains. 

In reply to Sir James Aspinall's question concerning 
regenerative braking, we think that electric braking is 
necessary on lines where there are steep gradients; 
but we prefer rheostatic braking to regeneration because 
it is more easily managed by the driver on account of 
the voltage factor being eliminated. 


Current supplied from the locomotive will only be 
used for carriage lighting on branch lines, and in such 
cases no batteries will be provided. On the main lines, 
the current for lighting the carriages is supplied at 
25 volts from a dynamo on each coach, and the lightmg 
couplings on the locomotive will not be used. 

With reference ixT the table in Mr. Stevens's com¬ 
munication, only passenger trains are referred to, local"^ 
and freight trains being omitted. The speeds tabulated 
are scheduled speeds and include -intermediate stops, 
wliilst the details regarding the number of stops do 
not refer to the fastest trains. For instance, on the 
Bordeaux-Hendaye line, the Southern Express and the 
Pyrenees-Cote d'Argent Express hav% only one inter¬ 
mediate stop on the 92-mile trip from Bordeaux to Dax, 
and only 6 in all. The scheduled speed of the former 
is 41 miles per hour on the down journey and 40 miles 
per hour up, and it is 61 miles per hour between 
Bordeaux and Dax. Similar remarks could be made as 
regards the express trains between Pan, Montrdjeau and 
Toulouse. Accordingly, the figures in the table do not 
always give an accurate idea of the lines to which they 
refer. 


PHONOFILMS, ’QR TALKING PICTURES. 

* By C. F. Elwell, Member. 

(Abstract of a paper read before the London Students’ Section, November, 1623 .) 


Attempts to record sound vibrations photographicalty 
not new. The first successful attempts to record 
sound upon a cinematograph film were those of Ruhmer, 
who in 1906 and 1907 succeeded in obtaining a crude 
photographic record of telephonic currents -which were 
superimposed upon the direct current flowing through 
what was known as the speaking arc. These telephonic 
currents produced sufficiently large fluctuations in the 
light from tfcse arc to make it possible to record them 
photographically upon a film moving at several metres 
per second. 

Properly-synchronized talking-motion-pictures involve 
light photography at 186 000 miles per second and 
sound photography at 1090 feet per second. In 
addition, if results are to be good, it is necessary to 
record fi:equencies of from 600 to 2 000 for voices and 
good articulation, and from 27 to over 4 000 for music, 
If the talking-motion-picture is to be practical and 
commercial it is necessary to put the sound and picture 
records on the same film, which should be the standard 
film employed in thousands of cinemas. Dr. de Forest 
has solved the problem by recording the sound in the 
blank space, about 2 mm wide, usually left between 
the driving holes in the film and the picture. It is 


instructive to watch this band when the talking- 
motion-pictures are being shown, and to note the 
change in the number and thickness of the horizontal’ 
lines as the frequency of the sound varies. It will 
be noticed that the S 3 nichronization is absolute, 
and that the width or ampStude does not vary, the 
sounds being reproduced by the variations in the density 
of the photographic image on the film. 

The photographs are taken by means of a standard 
motion-picture camera to which is fitted the necessary 
apparatus for recording the sound. 

The ideal form of transmitter for distortionless work 
is one -without a diaphragm. Various forms of trans¬ 
mitters wi-thout a diaphragm are now avail$.ble, e.g. the 
flame transmitter, consisting of a gas flame in -the form 
of a bat-wing, which is made more conductive by 
means of salts and in which -two platinum elec-trodes 
are suitably inserted. Sound waves impinging upon 
the flame alter its conducti-vi-ty and cause a current of 
varying intensity in a local circuit. 

Another form of transmi-tter having no diaphragm 
and employing very fine and very short platinum wires 
has been tried. The wires are heated to a dull red by 
means of a local source of current, and when sound 
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waves impinge upon these wires their resistance increases 
or decreases. By means of a local battery and a tele¬ 
phone transformer a faithful representation of the 
sound waves is obtained with frequencies as hi gh as 
3 000. The sensitiveness of the device is greatly 
increased by means of a gentle stream of air. To be 
^re^y useful, such a transmitter should be capable of 
faithfully transforming into electric currents sound 
waves emitted at distances of from 6 to 25 ft. The 
resulting currents Sre naturally exceedingly small. 

The method successfully adopted by Dr. de Forest 
is to pass the amplified telephonic currents through 
a gas-filled ^o-electrode valve, which he rgiu the 
" photion." The photion glows at all times with a 
violet light of high actinic quality, and the intensity 
of this light increases or decreases in exact correspondence 
with the fluctuations of the amplified te lftphnuic cur- 
r^ts. The photion lamp is mounted in the motion- 
picture camera at a point where the film is moving 
continuously, that is some 10 inches away from the 
window of the c^era, at which point the motion of 
the films is intermittent for the purpose of photographing 
the picture. The light from the end of the " photion ” 
lamp is focused by means of a lens upon a very fine 
slit directly in front of the emulsion side of the film 
This sHt, in order that the highest harmonics may be 
recorded upon a film travelling at a speed of from 
12 to 18 inches per second, must not be more tt'ar. 
two-thousandths of an inch in width. The length of 
the slit is about inch. 

In order to reproduce the sounds recorded upon the 
mm, a tubular-s^ped attachment is fastened just bdow 
^ e film magazine of a standard motion-picture pro¬ 
jector. This attachment contains a' small incandescent 
l^p, whidi shines through a lens and then through a 
^t two-thousandths of an inch in width and -A inch in 
length. This sUt is so located that the sound record 
upon the film passes directly in front of it, and thus 
the mtense light from the small incandescent lamp 
passes through this cloudy han/i 
The light which passes through the film falls upon a 


photo-electric cell. The cell which has been adopted 
by Dr. de Forest is that invented by Mr. T. W. Case, 
and known as the " thalofide" cell. The thalofide 
material is composed of thallium, oxygen and sulphur, 
which is fused on a f-inch diameter quartz disc. This 
disc is mounted in a glass bulb, which is then evacuated 
in order to prevent oxidation, and also to increase the 
sensitivity of the photo-active material. The resistance 
in the dark is high compared with the ordinary soiffninm 
cell, and may range from 5 megohnis to 600 rnggohing 
The average sensitivity is Such that the direct resistance 
is lowered by 50 per cent when 0-26 ft.-candles from 
a tungsten-filament source falls upon the photo-active 
[ matCTial. It is without appreciable lag. Probably the 
best-known material for photo-electric cells is selenium, 
but its lag in response, or fatigue, bars it from talking- 
inotion-picture work. The variations in the amount of 
light caused by the presence of the dense and thin 
horizontal lines on the film between the incandescent 
lamp and the photo-electric cell, are thus transformed 
into electric currents, which are quite small, being of 
the ord,er of a weak wireless signal. These small currents 
are next amplified by means of a four- or five-stage 
amplifier, which must also be distortionless, and the 
amplifi^ current is then passed through one or more 
loud-speakers, completing the cycle by transforming 
electric currents into sound. 

Although loud-speakers have been developed to a 
high state of perfection, they still leave much to be 
desired. I do not believe that perfection will come as 
long as a diaphragm is used. Some better of 

transforming electricity into sound waves Is required, 
and here i§ a field for the ingenuity of Students, as the 
expOTinental apparatus necessary nfay be quite inex¬ 
pensive. The reverse action, for example, of the bat- 
wing type of flame transnJitter is susceptible of develop¬ 
ment ; also that well-known possibility of influencing 
a smging arc may yet be used. When one milliampere 
can be made to influence a 10-ampere direct-current 
arc, it is still possible that a workable method may be 
evolved in which an arc is employed. 
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Summary. 

Ihe present position of regenerative control for tramcars 
is discussed, and a description is given of a method of self- 
exciting the held of a series motor with a low-voltage rectified 
current transformed from alternating-current tappings in the 
armature. Under these conditions the motor behaves like 
a shunt madiine, and characteristics are shown when it is 
acting regeneratively and also when it is used as a generator 
and motor. 

Calculations are given for finding the conditions of spark¬ 
less commutation of the rectifier, and tests are included which 
corroborate the calculations. 

In conclusion, some points are discussed with regard to the 
practical application of the device. 


THE CHARACTERISTICS OF A D.C., SERIES MACHINE SELF-EXCITED 

BY RECTIFIED CURRENT FOR PURPOSES OF REGENERATIVE- 
CONTROL.* 

. By R. D. Archibald, D.Sc., Member. 

(Paper j^rst received l^ih July, and in final form im November, 1923.) 

the chief objection to it was due to sparking of the 
rectmer. Miles Walker, however, has shown in a paper 
on " Compensated Alternate Current Generators * 
that a rectifier could be quite satisfactorily employed 
for this purpose without sparldng. 

In the case of the series motor a potential transformer 
is used to reduce the voltage at tlae armature tappings 
to the pressure required for exciting the field. Thus 
the problem of sparking differs slightly from that 
in the case of the alternator, but it will be seen from 
^e tests which follow, and from the investigation 
into the question of commutation by the rectifier, 
that sparking is not likely to be a source of trouble 
in the case of the series motor—possibly less likely 
than in the case of the alternator. The advantages 
of exciting a series motor in this way, over excitation by 
a direct-current exciter, are :— 

(1) For the same volt-ampere output the cost of 
a static transformer is considerably less than that 
of a rotating machine, provided that the frequency 
of the alternating current is not abnormally low. The 
extra cost of the rectifier is not a heavy item. 

(2) The transformer can be more readily stowed 
than a rotating machine. 

(3) The driving of the rectifier from the axle or 
spur wheel of the motor is easier to arrange than an 
exciter, as the rectifier is small. The rectifier could 
more easily be detached for inspection. 

(4) The power used in driving the rectifier is small. 

To set against these, there is the necessity of tapping 

the armature (of one or both motors) for the alternating 
current, and the provision cSf slip-rings and brushes. 
There is difficulty in doing this on account of the cramped 
space available, but the current is only a matter of 
a few amperes, so that not much space is required. 
The method employed for these tests is not suitable 
for a traction motor, i but numerous other ways suggest 
themselves and the problem does not present insuperable 
difficulties. Any method adopted must be such that 
it can be applied to an existing traction mptor without 
danger of breakdown and at a trifling cost. 

The tests were made with the apparatus available 
in the electrical laboratories at the Technical College, 
Dundee. The series motor used was a 4-pole machine 
with a normal output of 8 h.p. at 770 r.p.m. on a 
400-volt circuit. The armature was wave-wound with 
4 brush spindles. The commutator had 163 segments, 
and tappings were taken from No. i and No. 39, 

The motor was driven as a generator by a similar 

* Journal 1906, vol, 84, p, 408. 


The position of‘regenerative braking at the present 
time is that whilst it has been successfully applied to 
railway systems, and is almost essential for mountain 
railways, it.has found small favour with those in charge 
of tramway systems, even in places where the hilly 
nature of the cqpntry would appear to justify the 
assumption that its use would lead to econ<!imy. 
Numerous systems have beesi proposed for tramway 
use, and some of these have tTeen tried and proved 
woricable, but the additional outlay and complication 
have been too great for the advantage gained; conse¬ 
quently the power used in accelerating and in ascending 
gradients is still very largely wasted. It has often 
been deplored that no simple device for recovering 
this energy in ^e case of tramcars has so far been 
produced. Yet tliere are many towns with gradients 
of sufficient length and steepness where the saving 
in energy and in wear and tear of brakes would be 
a real one, provided that the accessory apparatus 
required werq not too costly, even if the power lost 
in starting and stopping had to be sacrificed. 

Whilst working with a rectifier for improving the 
balance of a three-wire d.c. system (see Journal 
1922, vol. 60, p. 303) the author thought that some 
advantage might be gained by making a series motor 
self-excitinf with a low-voltage rectified current trans¬ 
formed from alternating-current tappings in the arma¬ 
ture. This method of excitation has been adopted for 
alternators in the past, though mainly for purposes 
of compounding, but it has been abandoned in favour 
of more effective controls such as the Tirrill re^lator 
and others, and a common impression exists that 

T. J**?, ^spers Committee invite written communications (With a view to 
pubtotion in the if approved by the Committee) on papers published 

in the Journal without being read at a meeting. Communications should reach 
tte Secretary of the iMtitution not later than one month after publication of 
•the paper to which they relate. * 
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motor mounted upon the same bedplate and separately 
excited from a battery. The field-magnet system of 
the driving motor was mounted on ball bearings and was 
arranged for measuring *616 torque by the reaction on the 
frame. The arrangement could be used for measuring 
the torque exerted on, or by, either machine. 

The connections for the test are shown in Fig. 1 . 
The armature of the motor (Mj) is tapped at the points 
1, 1 ' which are connected to the slip-rings ( 2 , 2'). The 
slip-ring brushes (3, 3') are connected to the primary 
of the transformer (T). The secondary of T is connected 
to the brushes (4, 4') of the rectifier (R). These brushes 



make continuous contact with the two parts of the 
commutator as shown. The centre brush ( 6 ) makes 
contact with 4 and 4' alternately as the commutator 
revolves. The secondary winding of T is tapped at 
the centre point ( 6 ). Unidirectional current is then 
obtained between brush 5 and tapping 6 , and these 
are connected to the field winding (FWi). The driving 
motor (M 2 ) was run off the same supply and its field 
winding (FW 2 ) was excited from a battery through a 
variable resistance (R 2 ), Voltmeters were placed at 
to read the line volts, and at Vt to read the trans¬ 
former primary voltage. Ammeters were placed at A 2 , 



Fig. 2. 


Section on AB 
(omitting iDrushe^ 



Aa, At and Af, to read the armature current of Mo tl 
current of M,. the primary currSt of T m 
the field current of M,, respectivdy “ ai 

^ of 6 

at 60 cydes and a voltage ratio of 440/246 


ffightenaon.-m, 29. 162, 29. 29 

Low tension: 106, 16-6, 89*5, ie- 5 , 16*6. 

the^sh^f>.'""^ ^ commutator end o 

the Shaft in the manner shown in Fig. 2. The com 


mutator was made from a short length of 3 -in. copper 
pipe, 0 * 1 in. thick, fixed on a hardwood core. A zigzag 
slot about 0*1 in. wide was cut round the pipe forming 
the 4 segments (a, b, c, d) and the two parts (12 and 12'). 
Brushes 4, 4' were of copper gauze, and bfush 6 of 
hard-quality carbon ('* link C4 '*) in. wide by | in. 
broad. The current density in brush 6 at full load 
(17*6 amperes) was thus 47 amperes per sq, in. 

<r 

Characteristics-AS a R|:generator. 

The regenerative properties of the arrangement 
were tried by a series‘^of tests with different ratios 
of transformation. At each ratio a number of readings 
were obtained of: ( 1 ) current regenerated, ( 2 ) torque, 
(3) speed. 

The order of procedure was, in general, as follows :_ 

The field switch of the driving motor (M 2 in Fig. 1 ) 
was closed and the motor was run up to speed through 
i a starting resistance. Usually the machine M^ then 
built up its field like a shunt generator. When, at 
; high ratios of transformation, it did not do so auto¬ 
matically, it was sufficient to pass a current through 
the armature from the mains with a resistance in 
; series. This forced a current through the transformer 
primary and field. In this way the contact resistance 
of the rectifier brushes was sufiiciently reduced to 
enable the field to build up. The motor could then 
be disconnected from the mains without losing its 
field (unless, of^ course, the ratio of transformation 
I used was above a critical pointy. The speed was 
then adjusted by varying the field of the driving motor 
until the yoltage of the regenerator, was the same as 
that of the supply, when the main switch of the 
regenerator was closed. The set now acted like two 
shunt machines run to back, and by weakening 
the field of M 2 the speed could be raised and Mi caused 
to regenerate. ^ 

The brushes of the rectifier were set in such a position 
that the rectifier segments were just being short- 
circuited when the position of the armature tappings 
was half-way between the positive and negative 
brushes. In other words, brush 6 was in advance 
of the geometrical neutral axis of the rectifier by a 

distance brush width -- one mica width 

2 ' ' '. xnis 

portion gave sparkless running throughout. 

In additipn to the readings of voltage' torque, 
speed and regenerated current (A.), ■ readings were 
taken of the field current of the driving motor and of 
the regenerator (Af), the slip-ring voltage (Vt), ttie 
primary curremt of • the transformer (At), and the 
armature current (Ag) of the driving motorr f 

Tests were taken with the supply pressure equal 
to half the normal and also at fuU voltage, thus re¬ 
presenting the case of the motor running respectively 
m series or in parallel with another. With the arrange¬ 
ment of the tappinp in the transformer, however, 
rt wss possible to obtain a larger range of ratios of 
to^ormation at the lower voltage, and the tests 

takm at half voltage wiU therefore be studied in detail 
first. ■ , ! 

The tests A, B, C and D were taken with the two 
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adjacent 29-'Volt portions of the high-tension winding 
used as the secondary of the transformer, the tapping 
between them forming the tapping 6 in Fig. 1. In 
the tests E, F and G, the portions used were the 
16‘6-volt •sections of the low-tension winding. 

The variations of torque and speed with current 
regenerated are plotted for all the tests in Fig. 4. 
A study of these* curves will show that the characr 
teristics are similar to those of a shunt machine. 
A given ratio of transformation corresponds to a 
given setting of ttie field resistance in a shunt 



machine. For a given ratio, the torque is practically 
pfoportional to the armature current, the slight bend 
in the torque curve being due to iite weakening of 
the field by armature reaction. The field current 
remained practically constant with load, though the 
tests showed a slight rise of field current with load 
at the higher ratios, which gave a small compounding 
effect. (In test G the field current rose from 8*2 
amperes at no load, to 9*3 amperes with a load of 
16 amperes.) For all practical purposes, however, the 
arrangement behaves like a dynamo with constant 
field on a constant-voltage circuit, and greater loading 


is brought about by a rise in speed. With low ratios, 
the field is strong, the torque large, and the speed low, 
and the rise in speed from no load to full load is a 
matter of some 15 to 20 per dSnt. With high ratios, 
on the other hand, the percentage rise in speed is much 
greater, since armatjijire reaction still further weakens 
the field. For example, in test G the rise in speed 
from zero to 17‘6 amperes is from 710 to 990 r.p.m., 
or 40 per cent. 

Speed/torque curves are plotted in Fig. 5, with 
speed as ordinates and torque as abscissae. On each 
of these curves points can be found corresponding 
to some definite value of the load qjirrent, from the 
curves in Fig. 4. Such points are shown in each case 
for 2• 5, 5, 7 • 6, 10,12 • 5,16 and 17 • 6 amperes. Constant- 
current curves can then be drawii as indicated by the 
dotted lines. In this form * a better idea of the relation 
between braking effect, speed and current regenerated 
is obtained. If the gear ratio and the diameter of 
the wheels on the track are known, the ordinates can 
be made to represent speed in miles per hour, and 
the abscissae braking effort at the track. 

The ^ect.of a change of ratio can now be seen. For 
example, suppose that the gradient, and therefore 
the torque, are constant and that the machine is riinning 
at the point x (Fig, 6), so that the torque is 30-6 
lb, ft., speed 730 r.p.m,, and current regenerated 12*6 



amperes, the ratio being 24 -2/1. On suddenly changing 
the ratio to 26 * 7/1, the current and braking effort would 
alter along a horizontal line from x to the point y on 
the curve G, the speed being momentarily constant. 

The current' and torque (or braking effort) being 
now very much reduced, the speed rises along the 
curve G until the torque is the same as before at 
point z. The regenerated current is now 16 • 2 amperes, 
and the speed 930 r.p.m. 

It might be mentioned here that tihe field current 

Braktoj." 
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could be varied equally weU by the use of a variable 
resistance in the primary circuit of the transformer 
without involving much loss, since the current is 
This would be analogous to the use of the field¬ 
regulating resistance in a shunt machine. The trans¬ 
former would lien only require to be designed for 
lowest ratio, and the higll^ speeds would be 
obtained by inserting resistance. Thus a smaller trans¬ 
former could be used, at the expense of the losses in, 
and cost of, the resistance. 

The compounding effect noticeable at the liigher 
speeds is caused by the gradual increase in voltage at 
the slip-rings ^as ^the load on the d.c. side • increases. 
This raises the secondary voltage of the transformer 
and rectifier, and hence the field current. 

This rise in slip-riifg voltage constitutes a change in 
the ratio of a.c. to d.c. voltage in the armature, and 
is attributable to the distortion of the field caused by 
the load current on the d.c, side. 



nng voltage, tests were made with the rectifier con- 
nected to a separate inductive resistance, the field 
magnets being excited from a battery. The brush 
position of the rectifier was the same as that used in 
■me previous tests, and no effect was produced on the 
shp-nng voltage by swit(iiiing on and off the rectified 
current, nor did switching off the transformer primary 
make any difference. ^ ^ 

Besides ^e increase in the slip-ring voltage with 
load another factor which affects the compounding 
15 the position of brush 6. This, however, will be 
discussed later. 

Factors determining the Speed. 

The speed is a function of the internal voltage, E 
of the armature, and the flux per pole. 

If F = terminal voltage, 
la *= armature current, 

then annature and brushes, 

wtS ^^brushesofthearmature 

were set in the neutral position during the tests, so 


r 

that the armature reaction consisted of cross-magnetizing 
ampere-turns only. With constant terminal voltage 
the cross ampere-turns combine to raise the speed 
in two ways: (1) by the demagnetizing effect due 

to distortion of the field; and (2) by shifting the 
magnetic neutral position ahead of the geometric 
position so that the brushes, which remain in the latter 
position, are not in the proper pj^ce fqr giving maximum 
voltage. This second effect is difficult to estimate 
and is small. "" 

The first factor, however, has appreciable effect, 
and can be approximately determined from the design 
pa^culars of the macliine. From a knowledge of 
this and the resistance JR^, and also a curve representing 
speed plotted against field current at no load, it is 
possible to show roughly how far the speed might be 

Table 1. 


b Armature 

Field 

current 

Speed 

Terminal 

P.D. 

Current 

volts 

amps. 

amps. 

r.p.m. 

212 

0 

10 

610 

212 

18 

13 

640 

212 

0 

11-2 

560 

212 

18 

1 

12-7 

640 

212 

0 

11*6 

546 

212 

e 

18 

r 

12-7 

660 

2T5 

0 

11-4 

666 

214 

18 

11-.8 • 

700 

215 

0 

11-4 

560 

214 

18 

11-2 

760 

210 

0 

10*9 

666 

210 

16* 

9-7 

830 


Brush position 


3 

4 



6 . 


Unstable with greater armature current. ’ 

expected to rise with load, and to compare tlie results 
of the calculation with-those found on test 

^<='“0 load was 
rectifier, 

and (2) with the field separately excited, the rectifier 
and transformer being disconnected. Practically the 
same r^ult was obtained in both cases", and the curve 

speed/load cI^Aracteristic 
csdculated from this curve did not, however, agree 
with ae tests in Fig. 4, and it was found that 
the characteristic was affected considerably by a 
small movement of brush 6 of tlie rectifier. Tests 

alteration in speed from 
^ load to full load with different brush positions. 
The ratio used was the same as in test E and the 

1- fi^ng the position 
SS! ^ tappings Were set midway 

between the positive and negative brushes, which were 
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in the neutral axis. The brush was then set relatively 
to the mica, as shown in the table. 

With the brush in advance of the mica by the 
distance of 2 mica widths, the machine would not 
excite praperly and was apt to excite in the reverse 
* direction, but only partially. Quite satisfactory 
running was obtained in positions 1, 2, 3, 4 and 6, 
but in position 6 there .were again signs of instability! 
It will be noticed that the speed-range increases as 
the brush is movefi back, or tlie compounding effect 
becomes greater as the brush is moved forwards. This 
is due to the forward movement of the main field under 
^e pole with load. It will be clear that if brush $ 
is set so that at no load the E.M.P, is rectified at 
zero point, then, as the load comes on, the centre of 
the field moves forward and rectification will take place 
before the E.M.F. has reached zero. The rectified 
E.M.F. will therefore be reduced. But if the brush 
is forward of this position, then at no load the 
E.M.F. will have reversed before rectification takes 
place, and the rectided E.M.F. will therefore be less 
than before, as load comes on and the point of zero 
E.M.F. moves forward, the rectified E.M.F. increases. 


of tappings on the transformer. The position of brush 
6 was the same as in the tests on half voltage (seepage 234) 
and the machine self-excited, without any aid in both 


Torque, in Ih.ft. 

Fig. 7. 

tests. Curves of speed are plotted against torque 
in Fig. 7, and constant-current lines are indicated 
similarly to those in Fig. 6. 



Table 2. 


Regenerator 


mer primary 

Spe^ 

Ratio, d.c.ya.c. 
voltage 

Terminal P.D. 

Current 

Transfoi 

•• 

m 

Armature 

' Field 

P.D. 

Current 




amps. 

0 

ampn « 

19-2 

volts 

, 286 

|[||||^| 

r.p.m. 

790 

1-4 

. 

3-6 

18-9 

280 


Constant 

1-4 

383 

6-6- 

18-4 

274 

1-21 


1-4 

373 

8-4 

18-1 

270 

1-16 


1-38 

358 

11 

17-6 

262 

1-09 


1-36 

348 

13 

17-3 

268 

1-05 


1*35 

332 

16 

16-7 

260 

1-0 


1*33 

314 

18-6 

16 

244* 

0-915 


1-29 

300 

21-2 

16-5 

’ 242 

0-86 


1-24 

280 

23 

14-7 

234 

0-8 


1-19 

256 

24 

13-8 

218 

0-72 


1-17 

228 

26 

12-8 

214 

0-66 


1*06 

214 

27 

11-9 

210 

0-6 


1-02 

160 

29 

9-0 

190 

0*5 


0-84 

'180 

28 

10.; 2 

j_ 



128 

29 

7-8 


— 


— 


Ratio = 23*16, viz. (191 + 29 + l62)/16-6. 


On the other hand, if the brush is in a backward position 
the E.M.F. at no load will be less, but on load it will 
be still less. . 

Characteristics as a Regenerator'^on Full Voltage. 

Connections were made as in Fig. 1 and the supply 
was taken from the 400-volt mains. Two different 
ratios of transformation were used—the first, 23 - 16 / 1 , 
which was the lowest possible, and the second, 34-l/l! 
which was the highest possible with the arrangement 


Volt-ampere Characteristic as a Generator ax 
Constant Speed. 

The volt-ampere characteristic as a generator is 
interesting, in showing the resemblance to that of a 
shunt machine. Connections were made as in Fig. 1, 
with the exception that Mi was connected to a lamp 
load instead of to the line. The ratio used in the 
transformer was 23-15/1, the primary consisting of 
the portions 191, 29 and 162, and th secondary of 
the two portions 16-6 with a tapping between them. 
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This ratio gave with no load 400 volts at 790 r.p.m., 
or nearly normal full-load speed. 

The armature brushes were set in the neutral position, 
and tlie rectifier brush was given the same amount 
of lead as before. The speed was maintained con¬ 
stant at 790 r.p.m. and the machine was loaded to 
the limit of its output, which occurred at about 29 
amperes. Readings were taken as shown in Table 2. 
From these the external and internal characteristics 
have been plotted In Fig. 8. 


brush 6. By increasing the pressure a point at 38 
amperes, 120 volts, was obtained. 

A point of interest is the relation between the d.c. 
and a.c. voltages of the armature. At no load the 
ratio, d.c./a.c. voltage, was 1*4, or approximately 
At 18-5 amperes it fell to 1*29, and at 27 amperes to 
1*02. The last three readings are not reliable owing 
to unsteady conditions, so tha^t the> ratio 0*84, which 

Table 3. 



Rectifier brush 


1 Current 

1 




Speed 

position 

Arm. 

Field 




Neutral 

volts ’ 
424 

amps. 

0 

amps. 

21*9 

r.p.m. 

800 


366*4 

17*6 

18*9 

800 

Back * 

391 

0 

17*9 

800 


246 

8 

! 9-6 

800 

Forward f 

422 

0 

21 >4 

800 


380 

17*6 

20-6 

800 

* Invebe of position 8 (Table 1). 

t Same as position 3 (Table 1). 


It will be seen that the characteristics are those of 
a shunt-wound generator in aU respects. The voltage 
falk away due to the drop in resistance in the armature 
and also to armature reaction on the field, and a point 
of maximum current is reached. Near this point 
the readings were very uncertain, and a considerable 
difference could be made by varying the pressure on 


makes the a.c. voltage greater than the d.c., may be 
wrong, though not necessarily impossible. 

The characteristic is affected considerably by a 
small movement of the rectifier bj-ush 5. Tests were 
tajken of tlie drop of voltage from no loaddio full load 
when brush 5 was at the neutral position, behind the 
neutrdTl position, and in front of thc^ neutral position. 
The^ results are shown in Table 3. Witli the brush 


Table 4. 


Motor Mj. 





RECTIFIED CURRENT FOR PURPOSES OF REGENERATIVE CONTROLT. 239 


lagging, the maximum current that could be obtained 
was only 8 amperes, the drop in voltage being nearly 
40 per cent. With further forward setting the regula¬ 
tion improves witliin the zone of sparldess commutation. 

Ch.\ract£RISxics as a Motor on Constant Voltage. 


etc. Output, torque, efficiency and speed curves are 
plotted with armature current as abscissse in Fig. 9. 

Tests of the effect of the position of brush 6 on the 
speed characteristic were made aad are given in Table S. 
As would be expected, the compounding effect gets 
greater as the brush is moved backwards, since the 


Connections were ma^e as in Fig. 1, the direction 
of rotation being reversed so that the torque transmitted 
from Ml to Mg, which now acted as a generator, was 
in the same direction, as before. This saved any altera¬ 
tion of the torque-measuring device. 

Tests were made with the brush 6 in the same forward 
position as before. No sparking at the rectifier was 
observed up to full load, but there were signs of 
instability, and at an overload of about 16 or 20 per 
cent tlie rectifier developed violent sparking, the 
speed commenced to rise, and the cut-out operated. 
Brush 6 was then set at the neutral position and the 
tests in Table 4 were taken. The maximum load 
wliich tire spring balance would read was equivalent 
to 9'73b.h.p., but a much greater load could be applied 
without the machine being unstable. 

For the purpose of comparison, light readings were 
taken of Mj with rectified field current, and of li!^ 
with separate excitation of the same value. With no 
load current in the generator Mg and no current in 
the field, the input to Mj was 726 watts, as shown 
in the first set of readings in Table 4. The output was 
122 watts. This is the loss due to friction and windage 
m Mg. The two mjichines being similhr, we may take 
it as being the fi-iction and windage loss in Mi also. 
To this has to be added the friction loss in the rectifier. 
The total pressmse on brush 6 was 3 lb. "Making a 
small allowance for loM in the gauze brushes, weTnay 
assume the friction loss in the rectifier to be about 
16 watts. 

The resistance of the rectifier and field circuit was 
0-69 ohm. The loss is therefore (20-2)8 x 0-69, i.e, 
240 watts. We may now deduce the other losses 
fr^m the total light-load losses on test as follows;_ 


_^850 

■g4800 

Ql M 

60.ST50' 









•• * 





& 


o 


40 w 


20 , 


armature current and totortion are in the reverse 
direction from that in a generator. This is shown by 
the greater drop in speed from np load to full load as 
,the brush is shifted backwards. 

Conditions Necessary for Sparkless Commutation 
OF THE Rectifier. 

The problem of the commutation of single-phase 
rectifiers has been investigated by Prof. Miles Walker 
in connection with compensated alternating-current 



M 2 watts 

Ml watts 

Remarks 

Friction and windage .. .. / 

122 

122 

Lost in M 2 

Copper loss in field circuit .. 

138 

138 

240 

Lost in Ml -J- rectifier 

Iron loss (to balance) ,. 

210 

Iron loss and loss in 


Total from tesrt in Table 4 .. 

470 

transformer (to balance) 225 
726 

1 

-——--- 


At 440 volts across the whole liigh-tension winding, 
and 60 cycles per second, the transformer loss was 107 
watts at no load. In this case the frequency is nearly 
half normal and the voltage at least 20 per cent below 
normal. The losses will therefore be of. the order 
of about 20 to 30 watts, including the small copper 
loss. We' may presume from the above figures that 
the rectified current in the field does not introduce 
3>ppre<fiable extraneous losses due to eddy cu^ents. 


generators (Journal vol. 34) where the method 

of compensation used was a rectified current, propor¬ 
tional to the main current, passed through a portion 
of the field winding. The results showed that sparldess 
commutation could be obtained at all loads widi a 
fixed brush position, provided that the power factor 
did not alter. 

The problem in the case of the series motor difiers 
from that of a compensated alternator in several respects. 





240 

In the first place, a potential transformer is used and, 
as the primary is placed across the whole armature 
winding, the short-circuit must necessarily last a short 
period, at or near tho point of no voltage. In the 
case of the alternator a small short-circuit period 
causes much greater fluctuation in the value of the 
current in the compensating winding. The compensating 
winding is, however, only a portion of the field winding. 


Brush position' 


Neutral 
Back * .. 
Forward f 
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iw _ 

^ _ 
shows a two-segment commutator developed out 
straight. 

Let J = the current (assumed constant) in the field 
winding; 

T = time of short-circuit in seconds f 
t = time from commencement of short-circuit 
in seconds; 

i = short-circuit curreiit in ijecondarv of trancj. 
former at time 15; 

R = resistance of a single fotal brush contact * 
rj = contact resistance between brush and 
arriving segment ; 

1*2 = contact resistance between brush and 
leaving segment; 

L = total equivalent inductance of transformer 
secondary. 

SinM » vmes very rapidly, we may take it that r, and 
do not vary with the current density, so that 

Ti = and vo 

b ^ 


Table 5. 


P.D. 


Cutxent 


Arm. 


volts 

422 

422 

422 

422 

422 

422 


amps. 

2-1 

17*5 


2 2 
17*6 

2-1 

17*5 


Field 


amps. 
21.3 
21.3 

20.9 

21.2 

21.2 

20‘8 


Speed 


r.p.iii. 

800 

780 

810 

782 

800 

790 


----;_ - » _ I 

wildlM, is 

nature of the voltage of ths ™ pulsating 

ammeter was placed in thp induction-type 

■>( th. poinSSS tUSLTJ,, 


5 

Tht entente / and i will be distributed as shown 

commencing from 
tran.sformer sm.ndiv 
and b^k to A m an anti-clockwise direction. ^ 
By Kirchhoff's second law we have 

r s.* r 


^ + \ ^ — i , ^di 

" - —’■1 + ^ 


= 0 * 


or 


-^£±J I ~i \ , .di 

y-t ~r-)+^dt 

+ i i~i\ ' 

■ ^ t~) 


Transformer 

^ Secondary 



the rectifier connected „ 

tTl '=“*«“-block St “trcon- 

deflection of the induction amniff^ ’ ^ considerable 
lo amperes registered on ^ '«^th 

»n senes with it. it can be\ instrument 

the inductance of the firfd^^ this that 

keep the rectified current neariw suflicient to 

purposes, therefore, For practicS 

" Sir 


2 

f I -f* i 

2 
di 

r r ^ ^ I I j 

that 

the 

2IIi 

"IT must be less than IR *' 

r;,.? 

varying between the limits secondary f 

tribution of the ernrenS d.,w ~ ^he dis- 

as shown in the figure. short-circuit is then 

Using the same symbols as i 

*e path of short-circuit curre^^r 

direction, we have nnti-c]ockwi.so 

(I + t)RT (T . 

~T-t 

■ 5 ?:ri±i_£nA 

contact resilt- 
lie comnnitator 
commutaUon, 
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The condition for sparkless commutation is therefore 


RT 


or 


T 


or 


2Ii?> 


2IL 


The reactance voltage is 2ILIT, and 2IR is the total 
voltage-drop at the brash Hence the reactance 
voltage must again^be not greater than the voltage- 
drop at one brush contact. 

The value of L depends on the inductances of the 
primary and secondary windings of the transformer, 
the mutual inductance between them, and the inductance 
of the armature winding between the slip-rings. It 


Lp and can be measured by short-circuiting, say, 
the secondary winding and applying a low-voltage 
F at frequency / to the primary, A wattmeter and 
ammeter are placed in the primary circuit. Then 
if W is ttie reading on the wattmeter, and I the reading 
on the ammeter, the equivalent inductance in the 
primary is 

F 

27r/V[i2 - (TF/F)5 

This is equal to Lp -f* Usually, without 

much error, can be taken as equal to Lp 

. ^ 

• ‘ ^ - (PFyF)2j 


TidTisformeT secondary 




Pield winding 

Fig. 11. 

is also dependent on the resistance in the primary 
circuit if this is large. 

Let Zrj =s inductance of primary of transformer ; 

X 2 == inductance of secondary of tran^ormer ; 

La = induct^ce of armature between slip-rings ; 
M = mutual inductance of primary and secondary ; 
Rl = resistance of primary winding; 

Ra = resistance of armature between slip-rings. 

Then if an alternating current of frequency / be supplied 
to the secondary tlie equivalent inductance will be 



CoJlQJimJU 


and L, « (n 2 lni)^Lp L = (fi^lnj)^J^2Lp -J- L^} 

The average of a number of tests gave Lp s= 0*0018 
henry. The armature inductance, L^, was measured 
with a steady current of 20*7 amperes flowing in 
the field and was 0*0137 henry. 

Test of the Limiting Current from the Rectifier 
WITH Sparkless Commutation for a Given 
Ratio. ^ 

The full primary of 440 turns and a secondary consist¬ 
ing of two adjacent secondaries of 16*5 turns were used, 
giving a ratio of 440/16*6 = 26*7/1. The field was 
separately excited from a battery with 20*7 amperes, 
i.e. the same as was used in the test of The speed 
was maintained constant at 860 r.p.m. The rectifier was 
loaded by means of a reactance consisting of the winding 
of a transformer in series with a variable carbon-block 
resistance. The number of turns of the transformer 
could be varied, but they were always sufficient to 
keep the rectified current steadj^-, i.e. no indication 
was obtained on an induction ammeter. 

The tests were taken in serai-darlmess and the results 
are given in Table 6 . 


Zr = Xf2 — 


-H La)4:7fifi 


47r2/2(Xi + -f. + i?j2 

(Rl + is small in comparison with + L^) and 
may be neglected. 


£ = £2 - 


•^1 + 


1 L 2 — 




where rj is tlie coupling coefficient. ^ 

In transformers rj is very high (of the order of 0*98 
to 0*99) and, since L^ is small in comparison with 
L is the difference between two quantities of very 
tile same value. Any inaccuracy in the deter- 
imnation of* X 2 and 77 will therefore make a con¬ 
siderable error in the value of'X. 

When If) is high, however, we can, without appreciable 
error, substitute for X in the following way:— 


Let Lp = inductance due to leakage in the primary; 
Lg =s inductance due to leakage in the secondary; 
til = number of primary turns; 

^2 — number of secondary turns. 


Then 




Table 6. 


Trans¬ 

former 

primary 

PJ>. 

Rectifier 

current 

Field 

current 

Speed 

Remarks 

volts 

amps. 

amps, 

r.p.m. 


310 

24*6 

20*7 

850 

No Sparking 

310 

40 

20*7 

860 

Slight sparking 
under brush 

310 

60 

20*7 

860 

Slight sparldng 
under brush 

310 

60 

20*7 

860 

Definite sparking 

310 

76 

20*7 

860 

Bad sparking 


Note. —^Brush 6 in neutral position during test. 

Brush pressure = 14 lb. per sq. in. 

Before tests were taken the machine was run for half 
an hour with 26 amperes from the rectifier, to warm 
the brushes and get a steady condition. 

The precise current at which sparking commenced 
was indefinite. At 26 amperes there was definitely 
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no sparking. At 40 amperes there was slight sparking 
under the brush. At 60 amperes the sparking was still 
slight and under the brush. At 60 amperes the 
sparking was quite defrnite and at 75 amperes it could 
be described as very bad. In ordinary daylight, and 
without close examination of the brush, no sparking 
could be detected at 40 to 60 artiperes. 


Value of the Cxjreent at which Sparking would 

BE EXPECTED TO TAKE PLACE FROM THE TESTED 

Values of the Inductances Lp , Lg and 
The time of short-circuit is 

^ f 

^ width of brush — width of mica 60 , 

A ----X - seconds 

nd r.p.m. 

where d = diameter of commutator = 3*2 inches. 


. 0 >6~- 0«1 60 
10-1 ^ r.p.m. 


2-38 

-seconds 

r.p.m. 


If 2/ is the current flowing in the field winding, the 
reactance voltage (F^f) is given by 


The ratio 



. j ^ Vs X 2»38 

2Xr 2 X 860JLf 

^2 

ni ** 440 

L = (0-0H6 + 0-0137) 

» 0*000142 henry 


With a current density greater than 40 amperes per 
square inch the voltage-drop of a "link C4 " brush 
is over 1 • 2 volts. If we take the maximum reactance 
voltage permissible to be 1*2, the current at which 
sparking should theoretically commence is 

r 1*2 X 2-38 

^ FlT sso X 0-000142 ” 

or a total field current of 24 amperes. This leaves 
out of account the effect of the contact resistances 


ft 

of the gauze brushes and the resistance of the secondary 
winding, so that a slightly better result is to be 
expected in practice. 


Conclusion. 

The question of how far such a device as that described 
might be useful in practice^ conyared with others 
already in use, must, of course, be left to experience 
to decide. The object of the tefts was to indicate, 
as far as they go, the -practice workability of the 
arrangement. A further object is to remove much 
of the prejudice which exists against the use of rectifiers, 
even at low voltages, altliough there are many purposes 
to which they could be applied. 

The difficulty of tapping the armature of a railway 
motor, and of insulating the tappings against the 
comparatively high voltage used, probably precludes 
the use of the device for railway work. 

It is not within the scope of this paper to discuss 
the question of control. It may be mentioned, however, 
that it was found possible to run the motor in the 
ordinary way and to switch on the transformer and 
rectifier with the armature still connected to the field 
winding. With a suitable ratio in the transformer, 
and with the rectifier arranged to strengthen the field, 
the motor gradually became a generator. The armature 
could then be disconnected from the field and switched 
on to the line, giving the same arrangement as that 
used in the tests. The regenerative eflect then became 
stronger. • 

From the characteristics as a generator it can be 
deduced that a comparatively large drop in line voltage 
would nof involve heavy increase in legenerated current 
and? braking eflect, and some preliminary trials with 
changing voltage have borne this out. 

A high brush pressure in the rectifier, though not so 
high as in these tests, is required. No evil eflbcts 
resulted from the brush pressures used, and the rectifier 
ran for long periods without any blackening or smearing, 
and no attention was needed whatever under noujial 
conditions. 

In conclusion, the author would like to thank the 
directors of the Technical College, Dundee, for per¬ 
mission to carry out these tests. 
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DISCUSSION ON 


"THE DRIVE OF POWER 
North-Western Centre, at M 

.Mr• W• £/CCl6s : Until now the opinions expressed 
by many engineer^ have been very confused, the real 
object of the various auxiliary systems being lost sight 
of under a cloud of words .such as heat balance/' 

house set, etc,; the whole (question being generally 
confused with feed-heating. The present paper clears 
away a great deal of this confusion and gives us a 
picture of the whole problem as it occurs in a modern 
station containing turbo sets of from about 20 000 to 
26 000 kW. The authors appear to be prepared to 
spend an unli mit ed amount of money to obtain relia¬ 
bility, but they do not attempt to state what the loss 
incurred by a shut-down is, and I should be glad if 
they would indicate the saving' to be expected by 
avoiding stoppages and thus justifying the extra expendi¬ 
ture on reliability. It seems to me that the loss due 
to interruption of supply comes under two heads: 
(1) Loss of reputation by both the supply undertaking 
and the engineer. I have no doubt tliat these have a cash 
value, but I suspect that their influence on the design 
of the plant is felt to a greater degree than the cash 
value would indicate. (2) The aggregate loss sustained 
by the individual consumers. This is probably greater 
than the supply undertaking's liability^* and is different 
for each type of consumer. It depends, however, on 
the average to a large extent on the time of stoppage, 
although in some^ cases the maximum damage may 
have been incurred in the first few minutes. «The 
liability to interruption can nondoubt be greatly lessened 
by the adoption of a particular scheme of auxiliary 
dri%*«, but the time of interruption depends more on 
the arrangements for controlling the power generation, 
(hstribution, conversion and application than on the 
scheme of auxiliary drive adopted, and I should say 
that -this question of control generally and of auxUiaries 
m particular should be given more attention than it 
is to-day, if the extra expense for reliability is not to 
be thrown away by the increased duration of the stop¬ 
page. .^erican practice would appear to be ahead 
of English practice in this respect. The time required 
to recover fuJJ load again seems to be some function 
of the number of attendants involved and'^the means 
adopted for each one to advise his colleagues what the 
position is. It would seem that in these large stations 
there should b6 more centralized control either by 
remote-operated valves, etc., or by detail signal from 
a central point to individual control points where the 
attendant is within reach of all the controls of the 
valv^ or smtehes, etc., to be operated. From accounts 
published in the Press it would appear that the larger 
the S3rstem the longer the period of stoppage whatever 
the cause, and for this reason the reliability of super¬ 
stations as measured by the total stoppage time per 
annum may very well be no better than that of the 
smaller station. It would seem then that reliability 

* Paper by Messrs. Breacli and H. Midgley (see vol. 6X, p. 829). 


STATION AUXILIARIES.^^ 

WINCHESTER, 20 NOVEMBER, 1923. 

cannot be dealt with alone and that ease of control 
must go with it. In regard to the question of working 
efficiency, tlie authors do not point ^ut that tliere can 
be very large differences in efficiency between two 
similar systems each heating the feed water up to tlie 
same temperature, with prime movers of equal efficiency. 
The invisible loss which can occur is 'duS to waste of 
heat-drop—^not waste of heat, which is usually fairly 
obvious—^and the easiest way to compare the efficiency 
of such plant is to note for each system the aggregate 
of such heat-drop losses. These losses mostly occur 
wherever steam is being transmitted from one place 
to another, through pipes and valves, or where heat is 
being transferred from steam to water, the loss at each 
point being proportional to the total number of heat 
units transferred, multiplied by the mean difference 
in temperature between the steam and the water. In 
other words, wherever hot steam is used in heating cold 
water there is a loss of potential work. This is one of 
the drawbacks of the scheme in which a house set 
exhausts into a feed heater, where a mean drop of 
60 degrees F. may easily occur, due to the low ratio 
of feed water to steam condensed, or indeed at any 
point where the temperature of the water is increased 
by a large amount in one stage of heating. The authors 
do not appear to pay much detailed attention to capital 
cost; otherwise I tliink their views on the types of 
auxiliary supplies might have been more definite. I 
have put together some approximate comparative 
figures on capital cost and efficiency for the auxiliary 
supply for a 33 000-volt, three-phase, 26-period station, 
with steam at 260 lb. per sq. in. and a total temperature 
of 650® F., and with water at 75® F., the d.c. auxiliary 
motors totalling about 1 000 kW per imit of 20 000- 
26 000 kW. Comparing the auxiliary drive from the 
main busbars via transformer and motor-generator with 
that of a condensing house set of the same capacity, 

I find that with a main turbine of 80 per cent thermo¬ 
dynamic efficiency, an alternator of 96 per cent efficiency 
and a motor of 93J per cent efficiency, neglecting 
switchgear and cable losses, the resultant comparative 
efficiency is 70 per cent at the generator coupling and 
the capital cost approximately £10-5 per kW. In tlie 
case of a geared condensing house set of 1 000 kW under 
the same conditions we get a thermodynamic efficiency 
of 70 per cent with gears of 98J per cent efficiency. This 
gives a resultant comparative figure of ‘SO per cent 
efficiency at its corresponding generator coupling, and 
the capital cost approximately £6*7 per kW as against 
£10^5. In other words, it costs in capital nearly twice 
^ much to obtain power for the auxiliary drive if 'it 
is taken from the main busbars, and the coal cost, per 
unit is practically the same, or perhaps one should say 
^at it costs £6 000 more to get 1 000 kW from the 
main busbars than it does to get it from a condensing 
house set. This particular case may be an extreme 
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iiwtance, but in any case capital cost is a vital point 
for most station engineers to watch, and I should like 
the authors to say whether they consider it would 
ever pay to take auxiliary power or, indeed, any such 
small amount of power from the main supply of a super- 
jstation. Although the authors have limited their 
remarks to large stations, I shoiilQ like to ask them if 
they can state at what size of smaller station or unit 
tliey would cease to advocate the use of divided auxiliary 

foTiJfonotw ““r 

for 10 000-kW units the case is very doubtful. In fact 

JZT. S 

of ®*“P* psrliaps in the case 

of the Circulating pump, 

Mr. H. C. Lamb : Most of the good points in the 

'=la*™ed as being already 
tabard practice in Manchester. All who axe* engaged 

particularly those^who 
Scur^J'^Tb short-circuit h^ 

shut^mvn of S! ^e^^:tension system, followed by a 
in^S,£nc« of P^*' to the 

S^eiv of I ^“thors have given 

parts of the oi importance of the various 

I wovld take S^pSn ?h^ 

comes easily first but th^ k water pump 

taporunj'to i; “ ”< 

extraction pump stopoed w , , . “*■* 

the plant wL on iSd -.1 . minutes while 

in vacuum, and I ^thkdc'^ri-*^^ 
come in Class B or cis^C* ^““i^ary ought to 
authors in deciding in fa, 5'“*® ^th the 

ont; the stSm K Too°^ 

there are some ttol whih 

As has been mention^ +b ^ decidedly against it. 
tenance and XSe ^d ** of main- 

pressure schemes tl^ und^r' P^^"Jarly with high- 

smaU pipes and valves. On pag?S4 th^^ ff 
any extra economy 

driven auxiliaries.” ^and ®toam- 

it is assumed that feed* h#»a« ® Paragraph below, 

main turbines is the caset77^+b*“®^u^^ ®*®®“ the 

IS no economy in the use of • ^®*^®.certainly 

such a case. For econoffiw +b auxiliaries in 

first, and the drive thron<rb’+^* electric drive is easily 
turbine and transformer, ie Se^Z'w®'^ fionse-service 
second. Certainly the all s+aa S3ratem, comes 

economy, jhe Tuthora riS“ ®°“®® ^ast in 
and some of these schemes reliability first, 

Schemes 2 and .3, for in^n.^ ““t safe, in 

a 1 connected to the mainT^' *lP"““Pal motors are 


a» connected to'the min^'^c *®/’^“Pai motors are 
ikelj' pull pyj ^ • • yrtem, and would very 

•o pto, to> „„ch ■»• to 

authors set out for a scheme which th^ 

P.t o„ «» to •« «o b. 

a button. Presumably iji wo ^y Pressing 

as it was knoivn ^^® to be done as 

^cultj- is tliat one neve^d^ ^ brewing, but the 
^emes i, 3 and 4 includf a° “"tU too late 

S.7SSk ^ «^® 


caJ, but has one disadvantage in increasing the leiigl Ii 
of the main plant, and another in tliat the special 
generator would not be available for running tiu? 
auxiliary plant during the preliminary starting-ui) of 
the stetion, when there is a great deal of r*nn)ing ui> 
amd shutting down. Scheme 6 seems to be very cxnen- 
mve in switchgear and. like Scheme 7, has the (ibjection 
ttat d.c. motors are used. Tjje one advantage of the 
d.c. motor is. as the authors state, in speed variation, 
but there is not very much need fdb speed vari.ition in 

0.7'^® fa ?“ a«>«Iiaries. Sojar as I know, tliere 
are only two classes of auxiliary plant wliich need a 
v^ble speed and they are the .stoker niotoi-s and 
boiler fans. With regard to the former, hs these -ire 
^^1 motors It IS quite easy to get the regulation by 
means of a rotor resistance. In the cjuse of the boiler 
ThA “■® certainly a great convenience 

“'r,:r“ 

0-1 per cent of the boiler output If ii il ^ 
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set and an alternative bnuse-servici? 
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arrangement tlie authors say «iltornative 
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necessity of synchromzin<r *’®‘=au 80 of the 

any fault shutting do^ +7^ *^'® Ptobability of 

rendering the batfeiv ^n? ""“tor-generators and so 
it is most needea^^i°t,^ih T ** 
exactly what the eJl . ^“thors would .specify 

tbe ssmehrOnizing of the^t^s^” which .would require 
essential feature of such a •!e7 '^PP *®**> becaasu it is an 
fbould never be iSo'ltl ® 

*s qmte an easy Stter ® ‘t 

P^ of tire au^aSrfrom ?7 * 1"”'* 
wia such a scheme a 
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Some large^ stations of suitable t^fitages. 
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course everything depends on the length of cable which 
has to be used. In this case the total length of cable 
was 260 yards for the whole of the motors. Had 600 
yards of cable been required the total cost of motors, 
switchgear, and cables for the two cases would have 
been about equal, but no one would want to use 2 000 
volte without some very considerable saving, because 
so high a voltage do^ inteoduce an additional complica 
tion, being unsuitame for motors below about 60 h.p. 

Mr. A. Stabbs :• The p^per might be concisely 
expressed ^ follows^: " An •. auxiliary supply must 
have reliability with economy, more or less regardless 
of the expense.” The subject matter deals almost 
entirely with the relation between reliability and 
economy; indeed it would be safe to say that the paper 
could never have been written had not the large turbo- 
alternator set been accepted as being a more economical 
source of supply than the smaller turbo set. In the 
hglit of certain developments in the design of large 
turbines which have taken place within the past few 
months it would appear that the foundation of the 

turbines of, say, 

20 000 kW and more are being offered and built m 
^(^ ylinder units, the special feature being that the 
high-pressure cylinder has a relnarkably high efficiency 
so that the complete unit gives a thermodynamic 
^aency of something over 80 per cent. The small 
back-pressure turbine may be made to operate at 
a high thermod 3 mamic efficiency which would com¬ 
pare with the above figure. We may now consider 
the mam double-cylinder turbine operating on the 
st^ side in parallel with a back-pressure. turbine 
driving the house-service generator. The low-pressure 
cylmder of the main,set would exhaust to the conddhser, 
whilst the back-pressure turbine would exhaust to Che 
connection pipe between the high-pressure and low- 
pressure cylinders of the main set, or alternatively in 
^e *of emergency, to atmosphere. Back-pressure 
turbmes have previously been considered for house 
Mmce, but must now be regarded in the light of the 
following new conditions: (a) Economy of the small 
umt. (6) Convenience of the double-cylinder design 
of the n^ set in so fax as it provides a suitable point 
at which the exhaust from the back-pressure unit may 
low-pressure cylinder of the main unit. 

•11 V steam from the back-pressure unit 

^ be similar to that from the high-pressure unit of 
tne mam set, and ample provision can be provided for 
^equate mixing of the steam before passffig to the 
low-preMure cylinder, (d) The high-speed turbine in 
conjunction with ge^s makes for a more efficient back¬ 
pressure unit. Ilf addition to maximum economy the 
also provide for: (e) Maximum 
rehabihty, since the back-pressure house set would be 
entirely mdependent of the condenser and its auxiliaries, 
also of the main alternator busbar and the large oil 
s^tches. (/) A numba: of back^pressure house-sendee 
sets W)uld be conveniently paralleled and easily isolated 
m event of a fault, (g) The back-pressure units 
would be almost equaUy suitable with either d.c. or 
a.c. generators, whilst the fi.e. supply would be little, 

K ffy* more expensive than the a.c. supply. (A) The 
batteary for the emergency supply to auxiliaries may be 
VOL. 62. 


eliminated on account of the facility for immediate 
starting of the back-pressure sets, (i) The house set 
could be conveniently placed in the annexe between 
boiler house and power house, where space is probably 
not nearly so expensive as in the main power house. 
(j) It is not necessary to parallel the house service 
supply with the main power station busbars, and this 
should tend to reduce capital cost and increased relia¬ 
bility in so far as an additional link is removed from 
the chain, 

Mr. S. L. Pearce : In regard to Mr. Eccles’s remarks 
on the subject of reliability, I think that it is not a 
question of the engineer*s reputation, nor is it one of 
the aggregate losses that may be suffered by the con¬ 
sumers on the system. The point is, that if a system 
gets a bad reputation for interruptions to the supply 
the undertaking will not get new and important business 
which it otherwise would do, and which it is very 
desirable it should receive. In reply to Mr. Stubbs, 

I do not think it necessarily follows tliat the house- 
service arrangement requires additional space. I know 
that it does not so far as the Barton station is concernedi 
The main dimensions of the turbine room would not 
have been altered if we had not adopted house-service 
sets. The foundations for Hiese sets were not so expen¬ 
sive Qs Mr. Stubbs imagines. Whilst I think that the 
question of reliability of operation is the first lequisite 
to be considered (followed by thermal elhciency and 
then capital outlay), at any rate in the case of stations 
that the authors have in mind, the type of drive and 
the source of power as affecting the station heat balance 
must not be lost sight of. Therefore it is most important 
to consider from every aspect the various methods 
S! auxiliary supply. There is no doubt 

that, from the thermal efficiency point of view, an 
atmliary supply wliich is derived, either directly or 
indirectly, from the main generating plant, either 
tlnough a service transformer suppHed from the ter- 
i^als of the main generator or from the main busbai's, is 
the most economical. In passing, I think that we should 
nowhave to consider, as a further alternative the question 
of the supply being obtained from an auxiliary generator 
^upled direct to the end of the main generator shaft. 
The remaining alternatives are (1) a dual supply from 
house-service sets and house-service transformers and 
(2) ste^-driven auxiliaries. When we take into con- 
siderarion the factor of reliability I thinlc there can be 
no doubt that the former method is the better, viz. house- 
service sets in conjunction with house-service trans- 
foimers, and I rather gather that that arrangement 
IS me one considered by the authors to be the best— 
at the moment at any rate. The house-service generator 
as a somce of power and of steam for feed heating has 
ax^eyed a conriderable measure of popularity, and it 
wiU^m my opinipn continue to warrant its adoption 
untd such time as it can be definitely shown that the 

^ a system of multiple- 

stage bleeding of the main turbine for feed-heating 
puiposes ^e so gyeat as to preclude the adoption of 
otter methods. A word or two with reg^d to the 
^ctual arrangement which has been adopted at Barton 
sUtion may be of mterest. The tivo alternative sources 
of auxihary supply are, first, from three house-service 

17 
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tliree-phase turbo-alternators, operating at 420 volts 
and exhausting into a condenser-heater which also 
receives the exhaust from the steam-driven boiler 
feed-pumps. The house-service sets therefore perform 
a most important function in connection with the heating 
of the fe< d water. As an alternative source of auxili¬ 
ary power supply we have hous^-service transformers, 
stepping down the 33-kV busbar voltage to 420 V. All 
the motors—at any rate so far as they relate to services 
of primary imporcance—are divided equally between 
those two sources of supply. Auxiliary busbars are 
provided, one set of bars being energized and supplied 
from the house-service sets, and the other set from the 
house-service transformers. With regard to the dupli¬ 
cate motors for these important services—taking the 
circulating pumps as an example—one motor would 
be coupled to bars supplied by the house-service 
generators and the second would be coupled to the bars 
supplied by the house-service transformers. Normally 
these auxiliary power bars are kept isolated, and there 
are three sections of each corresponding to the three 
mam units m the station. These sections are not 
normally coupled together, though provision is made 
f “n® ''I emergency. The total horse- 

on , installed is 7 000. and of that total 

for tiJ r k " ** being in the main 

for the turbine house cranes. I do not see very much 

scope for the employment, on a large scale, o/ltorage 
auxiliary purposes. At Barton we hafe 
“nin battery being to provide 
a standby for exatation and for station lighW and 
the second being a switch-trip battery I agree with 
what has been said with regard to the iZthod oRouphiS 
auwharv power machines on to the end of the mate 
shaft. Previous speakers have referred 
• n**^^*** objections- to that method, e.g. the increase 

mere are not two other difficulties. I take it that th» 

hawng regard to the speed of the main unit Secondlv’ 

chnfi- „ .-V 1 j . Tnat oi the mam generator 
rnRr ^ necessitate the introduction of a flexible 
to ^ perhaps additional bearings. With regard 

.5S S s:!!.. Mj;r; 

now employed. bie,her Lofler pressures 

large station ^ conjunction with toe 

less dian JO 000 kW ^capacUv 

are equally important as^^re-m^ds rSahn f stations 

and should be considered. w[to J j ^ supply, 

aries the duplicate n v ^ single set of auxili- 
of . -PX-i- 

The steam to the tnrhm« coupled together, 

trolled s^aV to bSJ tLT^^^ automatically com 
event of faflure of thf suppto to 
amngement enables advaStag^ to hT^I: 
electric drive, which would be the 
conditiou. and promde the reliabiSty “ teTS 


the steam drive in cases of emergency. Arrangement.s 
would have to be made to prevent the motor from 
supplying energy to the line when the turbine was 
acting as prime mover. 

Mr, G, A. Juhlin ; The authors wish ^ have an 
expression of opinion on the suitability of d.c. generators 
for direct coupling to main turbo sets for the supply 
of power for certain auxiliaries. The answer depends, 
first, on the speed of the mam setS and, secondly, on 
fhe output required from the d.c. generators, p'or 
1 500-r.p.m. sets the scheme is ^uite satisfactory for 
any size of main sets tliat may b*e required. Units of 
15 000 kW capacity have been in satisfactory operation 
for some years with d.c, generators direct coupled to 
mam sets. The problem becomes much more diflicult, 
however, when 3 000-r.p.m. sets are considered. I'he 
question of output required becomes of impoitanco. 
Small units of, say, 150 kW at 600 volts which can be 
overhung on the generator shaft may be considered 
satismctory. 1 understand tliat something like 600 kW 
wcmld be requhed for the auxiliaries of a 26 000-kW set 

^ «nn recommend building 

a 500-kW d.c. generator at 3 000 r.p.m. There are, of 

output nmning at about 
2 600 r.p.in.. but one cannot say that the reliability 
xhA ^ would be required for power station auxiliarie-s. 

poiirt out toe absolute necessity for rclia- 
f particular auxiUaries supplied from the 
generators, and I should certainly 
hesitate to recommend the sclieme. It should be 
remem^red that the difficulties in operation of a d c 

Breach and H. Mldgley (m *rci)lv\ • 
in IS not conducive to elflciency of wor£ 

fSel to^i*^ cnnfulattor^; 

« th. L»doa diL^» 

not the HiQ+wffT- ^®' nnd, whether or 

threads? c^^ofto^;^“u’' the^figures as to 
We would suggest 

best reaiiVAr^ ^ relative values are 

ttTcJTofa cL'SS?'""* 

that the diffiJLa.. ®*d**dhi whea it will ba 

i. s:2“‘s 
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depends upon two factors: (1) The importance of con¬ 
tinuity of supply from the particular station and 
Its relation to other generating stations (if any) on the 
system ; (2) the possibiUty of detriment to the turbine 
tnrough ata-ospheric running. 

Mr. Lamb’s point regarding the air-extraction 
OTangement has been dealt with in the reply to 

r. Jockel in the London discussion. The question 
of choice between alternating and direct current for 
auj^ary motors haS already been dealt with so fully 
in the previous discqssions on this paper that we do 
not consider it necessary to add anything further, 
the S3mchronizing in times of Emergency,” mentioned 
m the paper in connection with the alternative to 
acheme 7, ref^ to the possible necessity of ^.hangin g 
over toe auxiliaries and groups of auxiliaries from toe 
main bars to the bars fed by toe house turbine, without 
Shutting these auxiliaries down. With direct current 
this could easily be done, but in the case of alternating 
current it would be practically essential to have the 
two supplies coupled, i.e. synchronized, in order to 
avoid shutting down when changing over. We are 
luUy in agreement with Mr. Lamb’s statement that 
a ^nsiderable saving in cost must be shown before 
It is worth while adopting a pressure of 3 000 volts 


for auxiliaries, in view of toe fact'that it is unsuitable 
for motors below about 50 h.p. 

The suggestions of Mr. Stubbs are noted with in¬ 
terest, but, while we agree that they are worthy of 
consideration and comparison, they by no means cut 
away toe basis of the paper. Incidentally, we rather 
suspect t^t the scheine would not be quite so simple 
of operation as Mr. Stubbs so optimistically suggests. 

As already stated, we are in thorough agreement 
with Mr. Pearce regarding the effecls of a shut-down. 
The information regarding toe auxiliary arrangements 
at the Barton station is noted with interest. The 
question as to the effect of the size of the,station upon 
the auidliary arrangements, raised ^y Mr. Dundas, 
has been dealt with in the reply to Mr. Eccles. The, 
suggestion by Mr. Oundas of having a turbine and 
motor driving the same auxiliary has been adopted 
in at least one large station in this country, and to the 
best of our knowledge the scheme is working satis¬ 
factorily. It has, of course, toe same objections as 
have already been raised in toe paper regarding a direct 
steam drive. 

^ We thank Mr. Juhlin for the information which he 
gives as to the suitability of d.c. generators for direct, 
coupling to main turbo-alteniator units. 


DISCUSSION ON 

THE LEAKAGE FLUX BETWEEN PARALLEL POLE-COREvS OF CIRCULAR 

CROSS-SECTION.” * 


Or. A. E. Clayton (communicated) : I have read 
Mr. Hague’s paper with much interest. The fact th at 
poles of circular cross-section are now not generally 
favoured by designers does hot in the least detract 
from toe value of the simple expression deduced by the 
author for toe leakage permeance per cm height of 
pole, or from the value of toe graphs plotted in Fig. 3 
of the paper.' In practice, some designers utihze a 
value of the HopHnson leakage coefficient based upon 
experimental results on previous m a chines. Others, 
as pointed out Ijy the author, calculate the value of 
the leakage flux by the method due to Arnold, in which 
the-leakage lines at the ends are assumed to have toe 
form indicated in the second quadrant of Fig. 4, as 
suggested first by Forbes. Yet others employ a 
method in which the leakage flux at the ends is 
"scientifically guessed.’’ At present, then, designers 
experience difficulty in calculating toe leakage which 
occurs at the ends of the poles. For dealing with 
circular pole-cores, Arnold based his calculations upon 
the " equivalent square ’’ pole, as indicated in Fig. 4. 
The assumed flux distribution at the ends is obviously 

* Paper by Mr. B. Hague (see vol. 61, p. 1072). 


incorrert, so that the leakage flux, as calculated by 
Arnold s method, is too low. This statement will also 
hold for all cases where the corresponding Arnold 
formulae are used, and thus aj^hes in particular to the 
case of square and rectangular poles. In this con¬ 
nection, emphasis may well be laid upon the author’s 
statement that " toe permeance calculated from any 
assum^ distribution of lines of force other than toe 
toe distribution must of necessity be too small,” as this 
important principle is often overlooked. When Arnold’s 
metliod is applied to toe case of circular poles, tlie 
calculato value of toe leakage permeance per cm height 
of pole is too low. The actual error varies, in amount 
by about 1*6 to 1'7 for the cases dealt with in Table 1. 
When the distance between poles is relatively great, 
however, toe value calculated by the Arnold formula 
is worthless, toe percentage error being enormous. 
This is, of course, to be expected, as under these con¬ 
ditions the leakage at the ends of the macliine is very 
important. The percentage error, however, decreases 
rapidly as toe relative value of the clearance between 
poles decreases. Wlren the distance between poles is 
relatively small, it is natural to conclude that the 
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iictual cnfiguration of the pole will have a relatively 
greater influence upon the actual value of the leakage 
ilux than when the poles are very far apart. It may 
then, 1 think, safely bo= concluded that the actual value 
■ .f the leakage flux for the case of circular poles will 
not difler to any serious extent from that obtaining 
in the case of the *' equivalent square " poles The 
(rror obtaining with tlie Arnold method may therefore 
safely be assumed to be due to the fact that this method 
by as.suimng a wrong flux distribution at the ends of 
the machine, much under-calculates the corresponding 
eakage, and not to be due in any marked extent to the 

snuarr^P the drcle by the equivalent 

square. By using the data given in the paper there- 

Ih?‘ ^ “ore exactly 

than Jutherto, not only with the case of circular pole- 
core.s. but also with poles of other section. Thus for 

that the value of the leakage flux can be estimated 

th^^calTrp^ Arnold's formula if 

the calculations are based upon the "equivalent 

circular pole.” The value of the leakage peS^^ 
per cm height of pole can then at once be read S fmm 
the graph given in Fig. 3. Pole-cores vnth SZ 
urcmar ends can also be handled with sufficient 
accuracy without any difficulty and T rJ* t * 

“1R2 - 

us to calculate more exMtlv 

pole-cores of other sectiS obtaining with 

stated by the author SrncJ Tf"® ^ 

the exact calculation Tthe recapitulated, 

expected in practice even . ® flux cannot be 

Still less canrS^hon^rto f®®® Poles. 

of a modem direct^current^m^cV 
It would, however, be of interest if *thT*^ “terpoles. 
gtve an estimate of the extent to ,li,^ 
lus results would hav’e to he ° Jr ^® expect 

case of short pSes “f 1 ®^ 1° ‘'®®' «^® 

separated bv a small Sir ran ^ ^ ®“® ®“'^ ^nd 

' small air-gap from an armature at 
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the other, the poles carrying a uiiifonnly clistril)nloil 
winding; that is, for a case corresponding to Iho 
conffitions actually obtaining in practice, witii the ex¬ 
ception that the poles may be assumed to bo paralUd 
and pole-shoes are absent. Naturally, I anfa.sking for 

nothing more than a reasoned estimate, or " sciontilie 
guess.” ■'•iiuin 

Mr. B. l^gue (in reply ); qjie reguirks of Dr. Clarion 

enawi interest and imisortanco. .since tlun 

enable the results obtained in my^pajicr to be applied 

^ualS" wT Pf blems than I had origimill.v 
of oav 1 ’+• to tile usual Arnold method 

in thP^^aS “amely, tliat the error 

m the method is due not so mucli to the use of the 

equiv^ent squar®" as to the fact that the Jh^ 

It ^“® square is totally inconect 

^ inverted Arnold 

tio^5’th™w ^“l^valent circle,” siinx: tlie solu- 

inown I s^offid^life^ »‘ccuratch' 

snouicL like to state, however •I'lt'O' -f 

Sb tL 1 f.ncdo„.^fa k„„ Zl 

my paper The finn] rt nrticlo cited in 

extremir^ffi^ffiTt; " 

attached at one end to an i ^ , *'• ‘^*‘“*’* IX'le-core 

end faces an iron yoke while its oth..,- 

become so pindrid 

guess ” is not easr V 7.®" «®ir‘t>tifie 

to have made an estimate of +i^-”o P^I'>cr appcai-s 
on tiTe leakage, hut y®'«‘ 

WlSle regre4^g T f 

Dr. ClaXn ffif “‘«nont. give 

I have work in hand whkh «ay that 

contribution towards a mo~ ™' ? ^lojie, provide a 
the leakage field The complete knowledge of 

conclusion, it is rSurc; Of , ”®®^’^“y discussed. In 
Dr. Clay^n. J T ”^® ^oto ijiat 

appreciates the diffi^ity Md i*roroughly 

taming even approximate hnf*^? ‘“Portance of ob- 
solutions of flnJSistribnti^n reasonable, 
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SOMj: EXPERIMENTS ON THE SCREENING OF RADIO' RECEIVING 

APPARATUS. 

By R. H. Barfield, M.Sc., Student. 


Summary* 

The chief object of the investigation was to obtain quanti¬ 
tative information on the effect of screens, of which the 
dunensions axe small compared with the wave-length of 
the waves they are intended to screen. Some preliminarx*' 
expenments are described, in the first of which the screening 
effect of a totally closed iron tank was investigated by an 
operator inside it with a frame coil receiver; and in the 
second an investigation was made on the effect of screening 
a square frame receiving coil by totally enclosing each of 
Its four sides in a metallic envelope. A description is then 
given of the method employed in subsequent experiments 
of measuring the effect of screens based upon the em^ment 
of two receiving coUs connected in opposition. This is 
^ account of measurements made by this 
method on some specially constructed screens of straight 
wires, open and closed loops, and wire-netting, etc. These 
measurements demonstrate the important part played by 
closed circuits in screening tlie magnetic field of radio waves 
and show that an effective screen may be constructed of 
wire-netting. In this ^connection a description is given of 
the screei^g^of the interior of a hut with this material to 
protect direction-finding apparatus within it from " direct 
pick-up.*’ 

Further experiments, in which the effect of screens, on 
me electric field of the waves is measured, are then described. 
Tmee t^es of screen investigated were shown to reduce 
substantially the electric field without affecting the magnetic 
field, while, later in the paper, it is shown that a fourth type 
will screen the magnetic field but not the electric field. 

A cage of the former type is then described which is now in 
pr^tical use as a means of eliminating ** antenna ” effect 
from a single-coil direction-finder contained within it. 

A discussion of the experiments follows, some explanation 
of the various effects being given, and conclusions are drawn 
as to th« general principles of screening and as to the essential 
points to be attended to in the design of efficient screens for 
various purposes. 

Introduction. 

The subject of the screening of long electromagnetic 
waves by conductors of relatively small dimensions ba <j} 
had liWe attention paid to it by theoretical or practical 
inv^tigator^ As far as the author is aware, no com¬ 
prehensive xlieory of the action of such screens b ag 
been worked out, and very little in the nature of 
experimental data is available. In addition, it has 
been remarked that, in general, somewhat vague and 
contradictory ideas upon the subject at present prevail. 
The experiments about to be described were therefore 
undertaken with two main objects in view. The first 
and most general was to obtain further light on the 
effect of conductors of various shapes and configuratioiis 
on the electromagnetic fields of wireless waves, such 


information bemg chiefly interesting from a general 
. science point of view. The second ^asto determine 
! quantitatively the actual extent to which certain screens 
protect the region they enclose from the iufl nP T ic e of 
ra^o wav^ of commercial frequencies, thus obtaining 
data which should be of some assistance to wireless 
engmeers. 

The first experiments on the screening of wireless 
vraves were probably those of Hertz,* in which he shut 
off the rays of his transmitter from his receiver by 
means of a grating of paxaUel wires. With this may 
be coupled his experiments showing the innate tendency 
of nigh-firequency currents to concentrate on the 'Suter 
members of a group of conductors in preference to 
penetratmg within, thus demonstrating for the first 
time what is now.known as *' skin effect." More recently 
a conaderable amount of theoretical and experimental 
work has been done on the effect of gratings on short 
electromagnetic waves. Examples of this are the 
mathematical work of J. J. Thomson,t and Lamb,t 
^d the experimental researches of Schaefer and 
Langwitz,§ and that of G. H. Thomson.|| • 

In all ae above work, however, the wave-length 
employed m the exp«±nents or assumed in the calcu¬ 
lations was always less than the principal 
of the screens employed; the results therefore have 
little or no bearing on cases involving the screening of 
long waves such as are used in practical radio-telegraphy 
where screeimg constructions must inevitably be small 
compared with the wave-length. 

In this field Duddell and Taylor If have measured 
tte obstructing effects of trees to short waves; and 
Smith-Rose and the author *<'have made observations 
on a wireless direction-firider receiver inside an iron 
airship shed and in a long metal tube, witii a view rather 
to ascertaining the distortion produced than to deter- 
mining the extent of screening. In addition to diis, 
Smith-Rose ff hp recently demonstrated the great 
oMcuIty of effidratly screening a local generator of 
high-frequency oscillations, by experiments which showed 
that even the smallest cracks in-the screen would allow 
a considerable amount of energy to escape. 

Some early experiments were carried out by Lodge 

. t 

8 of the JUndon Mathematical Society, 1898, vol, 29. 

ani ^*"*'*' P ““ 

it Physik, 1907, vol. 22, p. 869. 

p. 17 ^’ Barmeld^^j Journal 1928, v 1. 61, 

p. Swth.Rose ! PneuMngs of fiuPhysiol Soeidy, 1922, voL 84, pt. 4, 

« Oliver Lodge: ‘"nie Work of Hertz and IBs Successors.” 
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on the penetration of waves through the walls of a cage 
to a receiver within, and quite lately Watson Watt 
and Herd * described some tests made with a frame 
coil and multi-stage amplifier in a specially constructed 
box. Campbell Swinton j has studied the directional 
properties of a small cylinder containing a loop receiver. 

On the practical side, M. DieSkman used a screen 
of wires suspended horizontally above an aerial of L 
or T ^ type^ to eliminate a certain type of atmospheric, 
and it is interestifig to note that a paper J describing 
this arrangement and read in 1917 gave rise to a 
vigorous discussion, in which those who took part 
apparently l;.eld^ distinctly contradictory ideas on the 
general subject of screening. 

Again, many experimenters have found it necessary 
to employ elaborate screening arrangements for radio 
apparatus, and some have described their method of 
solving the problem, e.g. Hoyt Taylor § who employed 
specially screened huts for his apparatus used in connec¬ 
tion with ground antenna. Finally, an account of work 
done on the subject is not complete without reference 
to the development of the earth screen ” as now used 
m modem transmitting stations. The experiments of 
Eckersley || may be referred to in this connection. 

Preliminary Experiments. 

Receiver enclosed in tanh.—l'h^ great difficulty of 
screening completely a generator of high-frequency 
oscillations has, as already indicated, been demonstrated 
by Smith-Rose. As a complementary experiment it 
was thought of sufficient' interest to try the converse 
process of completely enclosing a wireless receiver in a 
metal case. 

To make the' experiment satisfactory it seemed 
necessary that the observer operating the receiver 
should be enclosed with the set. Accordingly a screen 
suitable for this purpose was sought for and eventually 
found m the form of a disused oil tank. This tank 
(see Fig. 1) was about 9 ft. long and 4 ft. in diameter 
the thickness of the metal being about ^ in. The only 
opening to the tank was in the form of a manhole 14 in. 
diameter fitted with an oil-tight cover and held in place 
by 36 nuts and bolts. ^The interior of the tank was 
divided into two compartments by means of a central 
partition in. thick and provided with a circular opening 
also 14 in. in diameter. 

The receiver consisted of a square frame coil of 
2 ft. 6 in. side and 30 turns, made coUapsible so as to 
enable it to go inside the tank, and connected to a tuning 
condenser and' a seven-valve amplifier of a standard 
pattern. 

After preliminary tests with the apparatus in the 
open, this receiving set was introduced into the tank 
through the manhole, the operator, not without difficulty 
following It. An investigation was then made of the 
ability to receive the spark transmission from Paris 

li^'^5?.; “'^“‘““"ElectromagnetioScrconing,” I 
II 1 . E. LeivERbLEY : Journal 1922, vol. 60, p. 581, ' > 


(wave-length 2*6 km) inside the tank, and the radiation 
from a small buzzer wave-meter situated a few feet 
from the tank. 

The cover of the manhole was first left off. The 
spark transmissions from Paris could be picked up at 
good strength by the coil if some part of it was within 
a few inches of the opening, while the buzzer wave- 
meter could be heard loudly^for all positions of the 
coil inside.* The cover was now put in its place, the 
cover bolts being inserted and screwed up one by one. 
Pans signals now became'fainter a^d fainter but did not 
disappear until every bolt had been put in place and 
screwed up, while everf then the buzzer could still be 
faintly heard. 

The operator with the complete set then retired into 
the inner compartment tlirough the small hole in the 
partition which was left unclosed. In this space no 
signal, local or otherwise, could be detected whether 
the^ outer manhole was open or closed. This ex¬ 
periment shows that the most efi:ective way of ob¬ 
taining a high degree of screening is to employ a screen 
within a screen. 

^ Receiving loop with screened sides .—Two exactly 
similar frame coils were constructed each 2 ft. 6 in. 
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Fig. 1.- 


Iron tank employed in Experiment No. 1. 


square by 3 in. deep and wound with 25 turns of No. 22 
■wire (d.s.c,). The four sides of one of these coils were 
completely encased in a metallic tube of rectangtilar 
section (5 in. X 3 in.) made of tinned iron (see Fig. 2) 
and all joints were well soldered so that the coil was 
completely encased except for two small holes through 
which the ends of the coil were brought out. The 
frame was carefully disposed inside the tube so that 
the wire was well clear of the sides of the screen \ 
^ceivmg ^circuit with amplifier was*arranged (see 
Fig. 2) so that it could be switched alternately from 
the screened to the unscreened coil, and vice versa. 
The tuning condensers and batteries‘were placed in a 
metal box. 

Tests of this description over a wide rahge of wave¬ 
lengths from 1-0 to 6*0 km immediately demonstrated 
that the coil within the tube was perfectly screened 
so far as could be determined by means of this rather 
I rough method of measurement. 

I The tubing was then sawn completely through at the 
centre of one of the sides and the test repeated. It 

It may be as well to note that the signals received in the tank from Hip 
to^InrhiHlnn H ^o high-frequeRqy oscillations and not merely 
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was found that the screened coil now po'bsessed a 
receptive power of roughly half that of the unscreened 
coil, i.e. the latter had to be turned to within 30° of its 
minimum position to get equal signal strength by the 
method of comparison. Varying the width of the gap 
in the tvibe from J in. to the smallest possible value 
had no effect on the result. 

The receptive power of the loop was reduced to an 
inappreciable valu» as •soon as the two sides , of the 
gap were made to^touch one another, but if the gap 
was bridged by only a few finches of wire a distinct, 
though still small, •pick-up was at once observable, 
which increased as the lengtl^ of the connecting wire 
was increased. 

The open-circuited single-turn loop formed by the 
metallic tubing was then tuned to the waves under 



Fig. 2.—Screened loop ^d method of measuring effect of 
screen. 

observation, "by means of a condenser and a series 
inductance. The strength of signals received on the 
screened loop remained unaltered. 

The amplifying detector was then disconnected from 
the inner coil (which, however, still remained tuned) 
and was Cbnnected to the tuned circuit, of which 
the outer screen now formed part. The signal strength 
still remained about the same, but when the inner coil 
was detuned, short-circuited or open-circuited, a large 
decrease in signal strength wsLs noted, thus showing 
It was the coil and* not' the casing that was picking up 
the energy. 

Since the thickness of the envelope was in each case 
sufBicient to prevei;t:.all but a negligible amount of 
dhect penetration of energy, that which was picked 


up by the coil within the casing must all nave passed 
through the gap, thus illustrating once more how 
comparatively large amounts of energy in the form 
of oscillatory fields may readily pass through the 
smallest cracks in an otherwise opaque screen. 

In each of the above cases it was ascertained that 
the screened coil possessed normal directional pro¬ 
perties, and it was also found that with the screen - 
connected to the amplifier box as in Fig. 3, the zeros 
were very sharp, showing that thg “ antenna ” effect 



Fig. 3.—Reduction of ** antenna effect in directional 
receiver by screening sides. 


had been practically eliminated by the action of the 
screen. The theoretical aspect of these experiments is 
discussed later in the paper. 

Measurement of the Efficiency of Screening 
Apparatus. 

Improved method .—^The rough method of measuring 
screening effects described above was found hot to be 
sufficiently accurate for the more thorough experiments 
which had been planned. 11^was therefore decided to 
devise some more suitable apparatus. 



Fig. 4.—^Method of obtaining a balance with spaced coil$. 

The basis of the method successfully adopted was to 
connect two receiving loops, A and B,. in a common 
circuit so-as to oppose one another when acted on by 
a ^ven radio wave. This may be done in either of the 
ways shown in Fig. 4, i.e. the two coils may be con¬ 
nected either in series or^ iq. parallel across a common 
tuning condenser. They must in both cases, however, 
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be placed so far apart that the coupling between them 
is negligible. 

The procedure was to fix one (A) in some definite 
position, then to rotate the other (B), which was 
generally the larger of the two, about a vertical axis 
until minimum or zero signals were obtained, noting 
the angular position for this condition. The coil A 
was then placed in the screen under investigation 
without altering ite orientation or making any other 
change in the conditions. A balance was then obtained 
again by rotating coil B to some other position. 

It is clear that the ratio in which the E.M.F. in 
coil B is reduced by rotation towards its minimum 
position will be equal to the ratio in which the E.M.F. 
in coU A is reduced by the screen, that is, to the ratio 
rn w'hich the magnetic field has been reduced by the 
screen. That is to say 


^ cos ^2 
Hi cos Pi 


( 1 ) 


where Hi and H^ are the field strengths before and 
after screwing, respectively, and A and & are the 
corr^ondmg angles made by coil B with the direction 
of the transmitting station. 

It ^wiU be found on examination that the above 
relation holds good provided that the foUowing assumo- 
tions are valid: ^ 

(1) Tlmt the direction, and phase of the magnetic 

-nu X as outside. 

(2) That the screen does not appreciably affect the 

constants of the circuits, 

(3) That lie effect of any other E.M.F.’s in the 

circuit is of a secondary nature and may be 
neglected. ^ 

^ these points were verified by simple experiments. 
^ necessary to use compensating 

condensers m tte manner adopted in ordinary toection- 

SS'' ^ -educing ”antenn^“ 

effect. It was ^o found advisable to provide a switch 
by means of wMch the loop A could ^ reversed! ttS 
enabling a double set of readings to be taken on dach 

“^Ic^Sn^^ 

receiving loops, A and B. of Fig. 4 which 
^errf considerably in the value of their'“arS 

separated 

^ about 16 ft. The system wm then 

Iom^A^*^ ^ convenient transmitter. The 

p was rotated from its maximum to its minimum 
position of reception in stages of 16° at a tim» a* 

the ratio of the E.M.F.'s included in ifre 

COSjg 
cos a 


and the degree Of accuracy with which this relation is 
found to hold will give an indication of the accuracy 
of the method. 

The results of the experiment are recorded in 
Table 1, in which the value of cos ^/cos a is found to 
remain very nearly constant (i.e. within 1 per cent) 
until the loops are within 10® of their minimum posi¬ 
tion, when divergences begin to occur. This experi¬ 
ment may be taken as satisfactefry proof that the method 
is at least free from serious instrjiniental errors, and 
as evidence of the correctness of the third assumption 
as stated above. • 

Other tests for instnvnental errors were carried out 
from time to time during the experiments, such as 
interchanging the two coils, 'Comparing the results 
obtained from the series and parallel arrangements or 
altering the disposition of the leads and other parts 
of the circuit, etc,, and in all cases it was found that 
no detectable variation was caused by such tests. 

Table 1. 

Test of Accuracy of Method, 

Transmitting Station GLO (Ongar), A = 4-6 km. 

Both Coils Unscreened. 


a 

i5 

IT 

Cos. " 

deg. 

• deg. 


0 

39-0 

0-77? 

16 

41-0 

0-782 

3.0 

47-6 

0-782 


67-0 

0-773 • 

60 

77-0 

0-782 

76 

78-6 ' 

0-768 

80 

81-7 

0-820 

86 

86-7 

0-860 

89 

88-9 

1-070 

90 

90-0 



Diifercnce from 
mean value 
of iC (0-777) 


0-000 
0 006 
0 006 
0-004 
0-006 
0-009 
0-043, 
0-073 
0-293 


= constant 


(2) 


^ experiments (that of measuring the 
effect of a wire-netting cage) was repeated by an^e? 
but rougher method, i.e. that already deserS of 
^mparmg the signal strength from two sISStoils 

latter metlmd, which were rather large. 

First Expemment: MEASuniiMENT of Effect op 

light ® coMtructed of 

to ^ serve as a frame for the different screens 

£ In the first pSet fotH! 

ends left ^e ^ their 

top “« »< fto opo. 

"P^ A .ppaiato ra m 

P as aesenbed. coil A consisting of 26 turns wound 
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on*a 2 ft. 6 in. square frame, and coil B of 34 turns 
wound on a 4 ft. square frame, and the system was 
tuned to a transmitter working on a 4»5-km wave. 
A balance was obtained with coil A outside the screen, 
and the jugular position (fii) of coil B was noted. 
The screen was then dropped over coil A so that its 


be in this case close up to it. The wires were spaced 
about Ij in. apart and arranged in nine rows 2 in. 
apart and 6 ft. long. There were thus, in all, over 
400 wires, so that the coil was, situated in the centre 
of a mass of closely packed wires. A sketch of the 
arrangement is shown in Fig. 6, The method employed 



6 '- 




AToout 300 wires 
spaced 2'apart 


(PldiO (Elevation) 

Fig. 6.— Coil surrounded by number of straight wires close 
. together. 


wires were vertical and so that the loop occupied tlie 
centre of the interior. A balance was once more 
obtained, the corresponding position {^ 2 ) of ooil B 
being recorded. The loop A was fixed approximately 
in its maximum position, but since it was not moved 
during the test it was not necessary to know its position 
exactly. 


was quite well able to measure a change of 1 per cent 
in the field strength, but, as before, the screen appeared 
to have no effect whatever on the E.M.F. induced in 
the loop A, no matter whether the wires composing it 
were placed horizontally or vertically. 

Using the same frame, a cage was now constructed 
of a series of conductors in the form of a three-sided 


Table 2. 


Negative Effect^ of Screen made of Short, Straight, Vertical Wires. 


station observed « 

Wave-length 

Arrangement 

• 

Coil A unscreened 

Coil A screened 

ill 

0 

1 

' Scale reading 
at mins. 

Pi 

Scale reading 
at mins. 

Pi 

Ongur (GLO) .. 

km 

4*5 , 

Wires insulated 

333-7 

deg. 

36*7 

334-0 

deg. 

36-3 

1-00 

Aldershot 

1-8 

Wires insulated 

47-0 

288-6 

47-3 

46-<5 

288-5 

46-7 

1-01 

Ongar (GLO) .. 

4-6 

Lower ends of wires 

230 

333-7 

36-7 

22-0 

334-0 

36-3 

1-00 

Ongar (GLO) .. 

3-9 

earthed 

Lower ends of wires 

47-0 

333-5 

CO 

46-7 

334-0 

36-7 

1-00 

Aldershot 

1-8 

earthed 

Lower ends of wires 

47-7 
• 288-5 

47-3 

47-6 ^ 

289-0 

46-6 

1-01 



earthed 

23-0 


22-0 




The experiments were repeated on a wave-length 
of 1*8 km and again with the cage modified by con¬ 
necting all the wires together at their lower ends and 
earthing th^ junction point. The measurements are 
recorded in Table 2, which shows at a glance that no 
screening effect at all can be detected for this cage, 
the field inside it being shown to be the same as that 
outside, within the limits of accuracy of the method. 
The coil A was now fixed rigidly at the centre of the 
wooden cube from which the wires had been stripped, 
and numbers of straight wires parallel to the plane 
of the coil were stretched between two opposite faces 
of the cube so as completely to surround the coil and 


rectangular loop [see Fig. 7 (a)]. These conductors 
were, as before, spaced about in. apart and, being 
44 in number, thus covered the whole of three sides 
of the cube; iiiis cage was found to have nO detectable 
screening effect (i.e, certainly less than 1 per cent). A 
fourth side was now added to each loop in the manner 
shown in Fig. 7 (3), a gap being left at one comer so as 
to make the loops discontinuous. This arrangement 
was also found to have no appreciable screening effect. 

The gap in each loop was now closed [see Fig. 7 (t;)] 
so that the cage now consisted of a series of 44 parallel, 
closed loops spaced in. apart. A marked screening 
effect was now noticeable which was a maximum wheTn 
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the plane of the loops was aligned on the transmitting 
station, and zero when at right angles to this direction 
or when the loops were placed horizontally. In the 
position of maximum sf^reening, the field within the cage 
was found to be reduced to about 1/lOth its normal 
value. The cage was then once more modified by 
the addition of a second set of paSrallel, closed loops at 


•-» 



(a) 


(h) 


(O 


Fig. 7.—Conductor “elements" of some screens experi- 
mented with. 

right angles to the first set and equal in number and 
spadfig to tile latter. 

Tests showed that the screening effect of this arrange- 
nient was approximately con^t for all orientations 
of the cage with the loops vertical, and equal in amount 
to the maximum value obtainable in the former case 
loops). If the cage was turned so 
that one set of loops were in horizontal planes, the cage 
behaved exactly as in the former case when it had 
only one set of loops. 


Furtlier experiments, were now carried out to inves¬ 
tigate the effect of varying the number of loops forming 
the cage. That is to say, the overall dimensions of the 
cage were kept constant whilst the spacing of the 
loops was gradually increased by thinning ^hem out. 
Measurements were made at successive stages of the 


100 



Fig. 8,—Variation of screening ratio with spacing of closed 
loops. 

process and ^e recorded in Fig. 8, which shows 
“ screening ratio " plotted against spacing. It will be 
seen that the screening ratio falls off rapidly at first 
but more slowly as the spacing becomes comparable with 
the dimensions of the cage. With only one loop da. 
the cage the resultant field at its centre was found to 
be 81 per cent of its normal value. 

Since the v^lue obtained for the screening ratio 
would be practically meaningless*'if the field within 
the cage varied greatly from point to point, a test 


Table 3.^ 

Effect of Open and Closed Loops. 
Observations made on Ongar (GLO) : A == 4-6 krn. 


Arrangement 


(1) Cage of 3-sided loops [Fig. 7 («)] 

(2) Cage of 4-sided open loops [Fig. 7 (6)] 

(3) Cap of ^ided closed loops [Fig. 7 (c)] aligned on 

transmitter .. . ^ ^ ^ 

(5) Two sets of closed loops at right angles. One set 

aligned on transmitter 

(6) ^ge as m (6) but rotated through 46“ !! 

/oi o ® rotated through 90® 

(8) Cap as. m (5) but one set of loops horizontal, the 

other aligned on transmitter 

(9) Cage as in (8) but turned through 90' on vertical ai^ 


me ratio 1 — recorded in the last column 

^ a percentage has been termed the “ screeSg mti”" 

**“^"8^* be the vTe wMch 
most clearly expressed its screening properties 


Pi 

P2 


Screening ratio, 

1 

deg. 


deg. 

= fig 

1-00 

Iier cent 

0 


h = 

= ^2 > 

1*00 

0 

39 


85 

0*11 

89 

39 

m 

40 

0*99 . 

1 

39 


85-1 

Oil 

89 

39 


83-2 

0*16 

85 

39 


83*9 

0*14 • 

86 

39 


84*6 

0*12 

* . 88 

39 


38*7 

1*00 

0 


was earned out in which the interior-of the cage was 
esporp by moving the coil A about inside it. Xbis 
tMt shopd that as long as coil A was not brought 
close to the boundanes of the cage the screening ratio 
obtamed was independent of the point in the cage at 
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which it was measured, thus showing that in all the 
central region the resultant field strength was sub¬ 
stantially uniform. The screening was found to 
increase when loop A was brought close to the central 
wires of tlie cage, but became distinctly less at points 
near the open ends. (The experiment was carried out 
with only one set of loops on the frame.) 

The experiments described above show very clearly 
that in order to sVeen a loop receiver it is necessary 
to employ closed Conducting loops. In ^other words, 
they show that the presence-of a system of conductors 
does not influence the magnetic field in its neighbour¬ 
hood unless it contains closed conducting paths en¬ 
closing an appreciable area. The conducting system 
will even then affect only that part of the magnetic 
field which is normal to the plane of these paths. 


sections of corrugated iron about ^ in. thick, the sec¬ 
tions being bolted tightly together so that the electric 
resistance at the joints should not be high. A com¬ 
parative measurement of the-* field strength at the 
centre of each cylinder was made with the cylinder 
in at least two different positions. A test was also 
made to discover a^ what distance away from one of 
the cylinders its screening effect became inappreciable. 

As before, it was assumed that the presence of the 
cylinders did not materially affect Phe constants of any 
part of the measuring apparatus. This was verified 
by the fact that no readjustment of tuning apparatus 
was required when the coil was set in the cylinder. 
The results show (see Table 4) that a greater screening 
effect is obtained when the axis of the cylinder lies 
perpendicular to the direction of the waves than when 


Table 4. 

Screening Effect of Iron Cylinders. 


Coil A, 2 ft. 6 in. square. 
A = 2*9 km. 

Coils A and B in parallel. 


Position at which measurement was made 

Plan showing 
direction of axis 
of cylinder 

Dimensions of cylinder 

Cos^a 

Cos|5i 

Screening ratio 


Arrow shows 
direction of wave 




« 

(1) Inside cylindeP at centre.. 


Short (6 ft. dia. X 2 ft. 5 in. long) 

0-72 

per cent 

28 

(2) Inside cylinder at centre,. 

H 

Short (6 ft. dia. x 2 ft. 5 in. long). 

0*10 

90 

(3) Inside cylinder at centre.. 


Medium (6 ft. dia. X 5 ft. long) 

0*38 

62 

(4) Inside cylinder at centre.. 

H " 

Medium (5 ft. dia. x 6 ft. long) 

0*04 

96 

(6) Inside cylinder at centre.. 

© 

Medium (5 ft. dia. x 6 ft. long) 

0-37 

63 

(6) Inside cylinder at centre.. 

—'L 

Long (6 ft. dia. X 8 ft. long) 

0-24 

76 

(7) Inside cylinder at centre.. 

iT 

Long (5 ft. dia. x 8 ft. long) 

0*026 

97*6 

(8) Outside cylinder 1 ft, away on axis 

1 

Short (6 ft. dia. x 2 ft. 6 in. long) 

0*51 

49 

^9) Outside cylinder 3 ft. away on axis 


Short (6 ft. dia. x 2 ft. 6 in. long) 

0*92 

8 

(10) Outside cylinder 6 ft, away oh axis 

jOO) 

Short (6 ft, dia. X 2 ft. 6 in. long) 

0*99 

1 

(11) Outside cylinder 10 ft. away on axis 

ioB 

Short (6 ft. dia. X 2 ft. 6 in. long) 

LOO 

0 


A study of the curve for the screen of closed loops 
(Fig. 8) shosyvs that by employing closer spacing it 
would be possible to obtain a screen of very high 
efficiency. As such a screen has marked directional 
properties, allowing undiminished reception from the 
direction perpefidicular to the loops, it could be used 
at a radio ^station to protect the receiver from inter¬ 
ference from the transmitter. This method of prevent¬ 
ing interference could be used either as an alternative 
to those already existing, or in addition to them, so 
as to obtain a greater efficiency. 

Second Experiment : Screening Effect of Metal 
' i Cylinders with Open Ends. 

Three cylinders of diameter 6 ft. and lengths 2 ft, 8 in,, 
5 ft. and 8 ft. respectively, were employed in these 
experimehts. Each cylinder was built up of curved 


it lies parallel to this direction, but the difference is less 
for the long cylinder than for the short. Although the 
shortest cylinder has a maximum screening ratio as 
high as .90 per cent, those of the two longer ones are 
still higher. The difference between the long and 
medium cylinder is not very marked, but it is enough 
to show that the longer the cylinder the ^eater is the 
screening ratio. 

The results in (3) and (5) in Table 4 show that-the 
medium cylinder, when upright, screens to the same 
extent as when it is horizontal with its axis parallel 
to the direction of the wave. It seems probable that 
this would hold good for all sizes of cylinders. At a 
point outside the small cylinder only 1 ft. away on 
its axis the screening ratio falls to 49 per cent; at 
3 ft. the effect is small but easily detectable, while 
at 6 ft. it is only just measurable and at 10 ft. cannot 
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be detected. It is assumed that the maximum effect of 
the cylinder occurs on its axis and therefore no other 
positions were tried. 

Third Experiment T Effect of Wire-netting 
Screens, 

The 6 -ft. skeleton cube was "now covered with 
galvanized-iron netting of 2-inch mesh. The seams 
between the various lengths were bound together with 

n * 


practically uniform throughout the cage except possibly 
at points within a few inches of the sides, as a consider¬ 
able variation at such points would not be detected by 
this method. 

The increase in the value of ^82 obtained in (7) and 
( 8 ) of Table 6 shows that coil A was approximately 
in its maximum position when aligned on the trans¬ 
mitter and inside the cage, i.e. the field was not distorted 
by tlie cage. The result in (9)* tends to show that the 


Table 6. 

Investigation of Cages of Wire Netting, 

Observations made on Ongar (GLO) : A = 4-5 km; ; ai = 0 . 


Arrangement 


(1) " A ’’ in centre of cage 

( 2 ) Ain centre of cage 

(3) A** in centre of cage ■ .. 

(4) A ** I ft. from one side 
( 6 ) “A” in one corner 

( 6 ) A ” raised 1 ft. above its position in ( 1 ) 

(7) “ A ” (in centre) rotated so that ao = -f- 30® 

( 8 ) As (7). but a 2 = — 30® . 

(9) Cage rotated through 90® on vertical axis 

(10) A at centre with gap in the side facing 
transmitter 

( 11 ) A ” outside cage, 0 ft. from one side.. 


Plan 


Elevation 


*2 


Arrow shows direction 
of wave 


00 



0 
0 
0 
0 
0 

+ 30 
- 30 
0 

0 

0 


Note. 


* Check readings. 

is the angJe made by coil A with the direction of the* wave. 


Mean 

\ cos Pi cos a^/ 

.Screening 

ratio 

deg. 

86-3 

0*11 

l>er rent 

89 

80-1 

0*11* 

89 

85-3 

oil* 


84*7 

0*12 

88 

80*0 

0*11 

89 

84*8 

0*12 

' 88 

80*6 

0*11 

. 89 

86*1 

0*10 

90 

85*0 

O il , 

89 

86*3 

Oil 

89 

41*3 

0*98 

-—__ 

2 


copper wire so that no gaps existed of HTTn.,T.«i»n .3 
comparable with the size of the mesh, and all joints 
made good electrical contact. The cage so formed 
^ msulated from the gound by standing it on 
• dry, wooden boxes, and the receiving coil A of the 
b^cing system was introduced into the interior 
through a temporary gap: 

In addition to investigating the state of affairs at 
th centre of the cage with regard to both strength 
and direction of field, measurements were ma/lA at 
various other points in the cage in order to obtain a 
rough idea of how the field was distributed throughout 
the screened region. In addition, the screening ratio 
M m^ured at the centre of the cage was compared 
for different^wave-lengths between 6-0 and 1*5 km 
A small gap in the nature of a vertical slit about 3 ft 
mgh was afterwards made in one side of the cage but 
Its effect on ^e intensity of the field at the centre was 
not appreciable. 

The resulte in Table 5 show that the cage reduces 
ae magnetic field strength of waves of 4-6 km to 
per cent of its normal unscreened value This 
v^ue was not appreciably altered by a movement of 
the cod to oi^OT positions of the cage even quite near 
the sidM. This seems to indicate ttiat tlm field is 


screening effect is independent of tlie direction of the 
arrival of the waves with regard to the screen, as would 
naturally be expected if the cage were symmetrical 
about a vertical The result in ( 11 ) shows that 

outside the cage its effect becomes inappreciable at a- 

4.,100p 



l-indimeah 

2-ind 

. me&h 











1 

i 

1.1 



1 

• .i 



Fio. 9.—Variation in screening ratio with wave-length in 
wire-netting cages. 

distance of only 5 ft. away, i.e. a length of the same 
order of magnitude as the linear dimensions of the cage 
^a result m agreement with that obtained jin the ex¬ 
periment -mth the cylinders (see page 260), 

The variation of screening -ratio with wave-length is 
shown in Fig. 9, which indicates a small though definite 
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increase of screening efficiency with decrease in wave¬ 
length, the variation being linear. This seems to show 
that a very simple law connects screening ratio and 
wave-length, at least over this particular range. 

One-inoh mesh cage ,—The 2-incli mesh netting on the 
cage was now removed and a 1-inch mesh put in its 
place. It was found that it now possessed a screening 
ratio of 96 per cent Jpr a wave-length of 4*6 km, 
instead of 89 per cent as m the former case. 

As the balance positions in this experiment occurred 
very near to the n^lnimum •position of the coil B in 
the region where, as had been shown, instrumental 
errors were likely to occur, seVeral check observations 
were made both with A and B interchanged and with 
coils of different size in place of the original ones. The 
agreement was, however, very good, variations being in 
all cases much less than 1 per cent of the value obtained 
for the screening ratio. 

The variation in screening ratio with wave-length 


able amount of energy, whereas before the erection of 
the cage it was possible, with the apparatus entirely 
disconnected from the aerial loops, to obtain signals 
of considerable strength from •hip stations and other 
low-power stations over 100 miles away. This type of 
screen possesses the advantage of being cheap and easy 
to construct, besides being suitable for enclosing a hut 
or room without interfering with its ventilation or 
lighting. The screen itself did not affect the accuracy 
of the directional measurements, Since it was placed 
nearly S 5 mametrically with regard to the two aerial 
loops and since its dimensions were small compared with 
those of the loops. ^ , 

A Method of Measuring the Effect of a 
Screen on the Electric Field of a Wave. 

The experiment with the screen of straight wires 
(page 262) demonstrated the fact which it must be ad¬ 
mitted had not been clearly recognized before, that 



Fig. 10,—^Measurement of effect of screen on electric field. 


was of the same nature as that found for the 1-inch 
'mesh netting, and this also is plotted in Fig. 9, 

Use of Wire-netting Cage as Screen for 
Direction-finding Apparatus. 

It was demonstrated by the preceding experiment 
that a wire-j^etting cage was capable of producing 
more than a 95 per cent reduction of field strength 
and was therefore thought efficient enough to be 
employed for the practical purpose of screening 
direction-finding* apparatus from the source of error 
known as ** direct pick-up.*' To effect this satis¬ 
factorily i^ is desirable that the operator also shall 
be in the screen. A wire-netting ^age was therefore 
erected inside the Bellini-Tosi direction-finding hut at 
Slough, being fixed as a lining to its walls, floor and 
roof. All seams and joints made good electric contact, 
as in the case of the cage in the above experiment, 
special spring contacts being fixed to the door, which 
was also lined with nettiug. This screen proved very 
efficient, for aftei* its installation it was found that the 
screened apparatus did not by itself pick up any detect- 


the strength of the magnetic field within a screen gives 
no necessary indication of the strength of the electric 
field at the same point; for in these experiments it was 
shown that the magnetic fi^ld was unaltered by the 
screen, whereas it is obvious that the electric field must 
have been considerably modified. 

For this reason it became desirable to find a method 
of measuring the effect of a screen on the electric field 
of a wave as well as on the magnetic field. As a simple 
means of effecting this the circuit shown in Fig. 10 was 
set up. The complete circuit is shown by (b), whfle 
(a) and (c) show, in simplified form, the ^angements 
which come into operation in the alternate positions 
of the change-over switch. 

With the switch in position (2) the apparatus is a 
simple single-coil direction-finder provided with compen¬ 
sating condensers (Q, C4) for the elimination of antenna 
effect [Fig. 10 (c)]. The signal strength will depend upon 
the P,D. (Vc) across the condenser Cj, which will be pro¬ 
portional to the circulating E.M.F, , for which we have 

JS?j. « KJS cos a 
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where H is the resultant magnetic field, a constant 
depending on the coil, and a the angle made by the 
coil with the direction of the wave. It is thus clear 
that Vq is proportional to H cos a. 

With the switch in position (1) the apparatus is virtu¬ 
ally an open antenna connected to earth through an 
auto-coupled, tuned, closed circuit and two condensers in 




(C) 


Fig. 11.—Screens wluch reduce electric field of waves without 
reducing magnetic field. 

(«) Straight wire screen, 

(6) ** Condenser ” screen. 

(c) Combination of (a) and (6). 

It 

strength wiU nowdepend 
on the P.D. (F„) across the condenser Cj. which will be 
proportional to the antenna or vertical E.M.F (B \ 
mduc^ in the system, which, in its turn, is proportion^ 
o the resultant electric field intensity E in the region 
m which the apparatus is situated. ^ 

To make the measurement, the procedure is first. 


with the apparatus unscreened, to adjust the compen¬ 
sating condensers with the switch in position (2) until 
the coil is free from antenna effect. The coil is then 
rotated until a position is found in which the signal 
strengths obtained on both sides of the switch«,re equal. 
The operation is then repeated with the apparatus in 
the screen under investigation. In order to obtain a 
fresh balance it, will be necessaj;y by^ rotation to reduce 
the E.M.F. induced in the coil in the same proportion a.s 
the antenna E.M.F. has been reduced by the screen. We 
shall then have;— • 

Thus, if Bi, E^, and are the intensities of the 

electric and magnetic fields before and after screening, 
then 

•^1 __ cos ai 
i?2 cos a2 

where ai and a 2 ai'e the angles made by the coil with 
its maximum position in the two crises. The ratio 
B 1 IH 2 can be determined by the method used in the 
preceding experiments, so that in this way it is possible 
to arrive at the effect of the screen on the electric field. 

It is assumed that the intensity of the resultant 
electric field within the screen is substantially uniform 
throughout the region screened and. that the screen 
does not affect the constants of the measuring apparatus. 

Fourth Experiment : Effect of Condenser 
Sc]j;EEN ON Electric Field. 

The method was then employed to investigate the 
properties of what may be called the condenser 
type (ff screen. This screen, which ii^of the type shown 
in Tig. 11, consisted of a number of wires Ifi ft. long, 
spaced 6 in. apart and #stretched horizontally about 
1 ft. above the top of the coil. The set was placed 
under the centre of the screen and, near the centre 
point, all the wires were connected together by means 
of a single cross-wire, an extension of which formed 
the down-lead to the earth terminal of the apparatus. 

A switch was provided in the down-lead so that ttie 
screen could be earthed or isolated at will. 

By means, of this arrangement the general effect of 
the screen could be at once demonstrated, for on earthing 

Table 6. ; . 


Arraugement 
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Number of wires 

Spacing 

*1 

a2 


Screening ratio 

29 

29 

13 

13 


6 in. 

1ft. 

- 6 in. 

1ft. 

deg. 

63-0 

63*5 

63-6 

63-5 

deg. 

87*0 

86-0 

84-1 

80*0 

0-12 

0-20 

0-23 

0-39 

per cent 

88 

; 80 

77 

61 

13 


1ft. 

63‘6 . 

80-0 

0-39 

■ „ 1 

7 


6 in. 

6.3-6 

76-5 

0-52 



Remarks 


Earthed copper matting 
under instrument and 
opeiutor ‘ ’ 




HADIO Kl'XEIVING APPAKATUS. 


the screen a large decrease in signal strength was observed 
if the apparatus was operating as an antenna [switch 
in position (1)], hnt then* was no change at all if it was 
working as a coil receiver [switch in pr)sitkm {2)|, thus 
showing that the electric tit*ld is screened while (lie 
magnetic held is not a heeled. 

After investigating the ehect <♦[ the coinplete screen, 
various alterations were made in it in order 1t> get some 
comparative in(ori1iati<in as to the ehect of ililferent 
shapes and sizes t>f»this type of screen, la all cases, 
since//o/f/j - I, the relation (<'os Uj,)/(eos ai) 

Iiolds good, 'rhe results are snmumri/t‘d in ‘lable ti. 
It willbestjeu that thegreatesl screening eltecl is til it ained 
with tile .screen td largest dinieiisions, and close^st spacing 
when the elefdric lu‘lil is rciluced to approxitnat<*ly 
1 /lUtli its noniial value. On increasing the spaiiug, 
or decreasing llie tlimeusions, the ehect of the screen 
is distinctly less. 

By making llie spacing of the screen still less, ant I by 
increasing its dimensions, it is probable that any desiretl 
reduction of the (‘h*ctnc. liekl i‘oiild be prodia'eii witbrmt 
appreciably ahecting the ntagnelic lU‘kL 

Kitkct or' ViiKTirAf.'Wim: t'Aoh and Ockn i.ooe 
tAOU, 

A vertical-wire luige s\as now n»nslruct<*d Minilar in 
type to that alnsuly (‘xperiinentisl witli (see log. oj. 
It consisteul ol a Ih-ft. cnbie. Iraimf open at bip and 
lioUotn ami having vertie.al wires spaced hin. apart 
streb.'hed over eacli of its sides, The wiiH‘s wi*re free 
at their lop em.ls, hut their lower emls wensill connectfsl 
together and to an eartlnsl “ mat of wire netting 
forming the lloor tif the cage. ‘I’lie sci'etm was found to 
have a screening ^'atio (elcn lric. held) of almut ♦th per 
cent, showing it to be slightly 1 <*ns (♦hit.ieni than^ihe 

conclenser lypt* of j4creen» previously exp«‘riiueiiletl 
with. 

i'ythinl type id fii rin*n cf insist iiig of a series <d rectangu¬ 
lar loops in paralU‘1 planes was now couslnicleil ijn the 
.srune frame. 1‘hi.s cage was made up id comluctiirs of 
tlm type shown in big. 7 {if), i ts the loops went not 
^atnlitiuoiis but Wi?re inb'rrwpted by means id an in¬ 
sulator at one id thiur upp<‘r corners. This type td 
screen has alreaily been shown to Uavit no eth'cl on the 
magindii! hekl of the waves, \vhereas ft)r the elistlrk: 
heki it was found to possess a .scnsnnng ratio of \v<?U 
over 90 per ctmt. 11ms tins s«!n*en was the nuisi: 
ehidetii .so fa^construcled, it alsr> posses.ses the aflvau’* 
tag(t ov^er tluj comlensiU* tyjw, of iiccupying etnmhlerahly 
less space. When a direc.liotehiuUng coil was stti «p 
in this cage the minima were ffniml Iti be extnsiiely 
tiharp, showing fliat, as was to he expected. ** antenna'' 
effect had been reduced tfj a injgligihle tpianlily. 

These experiinmiis clearly tleinonsirate that it in 
po.ssihle by the various amiiigeimnits describe! I to 
screen a region from the electric field of an electro- 
inagnetic. wave without reducing the iiuignetic fiekl. 

USK OF Ol»KN“I,001» t^AGK AS AnJ' t •ANTKNNA-EJlTKt T 

Screen X^or BuuiCTioN-HNjnNG AimAUAXtts. 

A cage of the type Inst described (open loop) has been 
set up at Blongh as an anti-antenna-effect screen for a 
■direction-finding set which in being employed to take 


‘J5U 


accurate obst^rvatious. In this ca.se the sci'ceu has been 
constructed round the outside of the hut in which the 
set is working, this hut being raised several feet off the 
grouiul and resting on four Unjge .shed " insulators. 
11 ie framework on which the loop.s are mounted is a 
12 -tt. t ube with the hut in the centre. Tliere are tw(3 
s(*ts of vertical loops sjiaced (> in, apart, one set 
bting at right angles to the other. A sptice of (1 in. 
is left b<‘tw(?en the horizontal wires of one set aiul 
tluise of the other. Badi loop ccinfasts td a aiiuluetor 
; bent into a s<piare of lJ2-ft. side broken electrically at 
j oiu‘ conuu' by an insulator. ICach successive loop is 
j nUaled through IMf' in its own ])lane relative to the 
■ pret'cding loop, so that the gaps in iTie loops come at 
I csii.h of the four corners in Inru. This rotation results 
• in a gn‘ater symmetry of the whole structure. 

1 his scretsi lias mnv bt*en in use for some ronskleraVjle 
tiiiut and has provtal very effective. 11ie din»cliunal 
I minima an? very sharp, a swing of only b' heing neces- 
I sai'v over llie whole ratige of wavi* length so far employetl, 
j viz. from ‘irib to UtmOin. Hie presence <d the i.age 
j has not reduced the sigiml strt*iiglh or aUected the 
art niacy id the btsuings taken within it lu any measur- 
‘ able exbad, 

I 

‘ l)na:rM.i»iN or Bxei.mMi-.MAi. Ki.srias. 


i 

I 

1 


! 


When a Krii’i'ii f>r any syslciii of l■olnllll;(<^r!i is acifil 
«liuii by cleftromaj'iu’tic waves, ciirreats are swl up in 


t-in. 



Aulftiuw K.M.F, 

-CireulAtiug K.M.F. 

I'J.—-t'«iiiilufliii|{ tiilH! ill jtiiUi Ilf If-utK waves. 


i it; wliiili urcate swauitlary eUtcfik tiiul nuiKnclic iuiliic* 

I liua lielclM in its iiekhhinirliiiiKi ami also r«*iarliate a 
i tertaiu ainomil of eimrfjy in tlm form of waves. Unless 
j tlu! soiiHin is very close to tlie trunsuiiltfr, or of iliiueii- 
! sinus cwtiiparalile with that of the wavielenKth. this 
i re-railialioii can be entirely iU!Klt*«;lwl. These last two 
! eoiitUltons beiiiK ruled out as regards the exiierimeiits 
' bent d«*.si;rU)cd, it appears tliat in any sf.reened ri-Kiim 
! llie actual field existing at any inslaiit will be tbe. residt- 
i ant Ilf two eiunponeuts: («) the main field, as it would 
I be in the aliscnuc of any serceii, and {h), the seeoiulary 
imluetiou field due to the cunenls tiet up in the screeu 
by the. lutdn field. Thiw, a pcrleitt .sitrei'ii would be one 
in which the .secondary lieUl was c.xac.lly equal but iu 
the opiwsilo direction to the iiiaiii field at every iwiitit 
within it. 

The partiiadur plieiiouienon investigaiwl by the 
experiiuents descrilutd is that of Oie screening of electrn- 
inuguetic waves by a conductor of linear dimensions 
.Hiiiall coiniiarerl with the length of the waves, {.oiisider, 
therefore, a small blixk of copper placed in the path of 
long radio waves (.see big. IS). lajoking at the case 
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from tile point of view of the electrical field of the waves, 
it is clear that, first, the block will behave as a short, 
squat, vertical antenna; that is to say, vertical oscillating 
currents will flow throtfgh or over its sides between its 
top and bottom faces; and secondly, owing to the 
phase difference of the part of the field arriving at the 
block and the part of the field leaving the block, circu¬ 
lating currents will be set up around the bounding 
surfaces of the block about an axis perpendicular to 
the direction of th€ waves and to that of the electric 
field. The first effect may be termed the “ antenna 
effect, the second the closed loop effect. Exactly 
the same result would, of course, be arrived at by- con¬ 
sidering the profilem from the point of view of the 
magnetic field; in fact, it is perhaps rather simpler to 
consider the circulating currents in terms of the magnetic 
field, and the “ antenna ” currents in terms of the 
electric field. 

On altering the shape of the conducting block, the 
relative importance of the two effects will be varied. 
If it be made very elongated, the " antenna ** effect 
becomes of greater importance than the " circulating/' 
effect, while the reverse holds if it be made short and 
broad. The consideration of two special cases actually 
dealt “with in the experiments will, at this stage, most 
clearly illustrate the respective parts which these two 
effects may play in screening. 

Tlie case of straight wires ,—^The first case is that of 
a short and straight wire placed parallel to the electric 
force. Here the antenna " effect is of sole impor¬ 
tance, any circulating currents in the thickness of the 
wire being negligible. Under the conditions prevailing 
in the experiment, i.e. with the natural frequency of 
the wire large compared with that of the waves, the 
secondary electric field set up as a result of the “ an¬ 
tenna " current will be 180® out of phase with the ma.n 
field and, at points near the centre of the wire, in 
opposition to it. Such a wire will therefore reduce the 
electric field but not the magnetic field, since there are 
no circulating currents to produce a counter magnetic 
field, and any magnetic field resulting from the antenna 
currents will be 90® out of phase with the main magnetic 
field and of an entirMy secondary order. 

This argument may cle^ly be extended to the case 
of a number of parallel wires arranged as a screen or 
cage [see Fig. 11 (a)] and also to that of two hoiizontaJ 
plates connected by a wire [see Fig. 11 (6)] or to that 
of an earthed S 3 retem of horizontal wires forming what 
may be termed a ** condenser" screen, provided of 
course that the assumptions made above with regard 
to the natural frequency of the screen still hold 
good. 

The experiments carried out with such screens are 
in complete agreement with these conclusions. The 
negative effect of a screen of straight wires on the 
ma^etic field is demonstrated effectively on page 263, 
while the experiments on page 268 carried out as a 
result of this anal 3 ^is illustrate the effect of this class of 
screen in reducing the electric field and show how 
It xs possible to construct a cage which wiU reduce the 
electric force to a very small fraction of its normal 
value without appreciably altering the magnetic field. 

. gain, it will be found that the above, reasoning 


satisfactorily' explains the experiment with the loop 
with screened sides (see page 260). 

As further evidence supporting the conclusions, the 
experimental work of Blatterman * must be mentioned. 
In 1919 he succeeded in reducing '^antenna" effect 
in a direction-finding set by means of a grounded 
electrostatic shield " very similar to the type employed 
in the experiment described alcove. ^ Blatterman, how¬ 
ever, does not give the above explanation for the 
phenomenon, but ascribes it to the sCreen bringing about 
“ a more symmetrical system electrically,** from which 
it appears that he considers it to be acting in the manner 
of a compensating condeilser. The fact that by regarding 
the phenomena as one of screening it lias been possible 
greatly to improve the design of a shield as used for 
Blatterman's purpose, is, however, a strong argument 
in support of the correctness of this way of looking 
at it. 

Case of closed loops ,—^Tlie second ciise is that of one 
or more closed conducting loops. Let such a loop be 
placed with its plane parallel to the electric force and 
perpendicular to the magnetic force in the wave. It 
will be assumed that although the waves are long 
compared with the diameter of the loop, the frequency 
is still so high that its reactance is large compared with 
its resistance. It is then clear that the secondary 
magnetic field produced by the currents circulating in 
the loop will, at points inside the circumference, be 
almost exactly 180® out of phase with the main magnetic 
field, so that the resultant field will be less than the 
main field and the loop should screen its interior as 
regards the magnetic field of the waves. • 

Thus, if a be the radius of the loop, L its inductance, 
and if Tfi, and be the value of tke main, secondary 
and'^resultant magnetic fields respectively, we have at 
the centre :— • 



where I is the circulating current. 

Now I = EI{o)L) (neglecting in comparison with 
and E = TTa^cuHi, therefore 



Now one of the single loops lused in the final experi¬ 
ment is approximately equivalent to a ring of 1-metre 
radius, for which, by calculation, L « ift^ cm (about)., 
Hence, for this loop, 




27r2io2 


= 0*2Hi 


but ^2 = Hi — H, (assuming to be 180* out of 
phase with Hi) =; 0*8Hi. 

The actual experimental result (page 264) was 
•^ 2/^1 cent, so that the agreement is good. 

Extension to other ca^es ,—If a number of parallel loops 
be placed parallel to and co-axially with the loop above 
considered, the screening effect at the centre of the 


p,*8W. ®*^™***^ • Joumat of the Franklin InsfituU, 1919, vol. 188, 
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system will naturally become greater, as the experiment 
showed, since each loop will now contribute something 
to the total result. 

If the loops are close together (though still isolated 
from eacfe other) and sufficient in number to form a 
long cylinder, the secondary field at points not near 
the ends will be substantially uniform over the whole 
cross-section, and since ^tlie total secondary flux across 
such a section must be equal to the main flux (neglecting 
resistance) it follo-^s that the screening ratio will be 
very nearly 100 per jcent. The case of a solid cylinder 
has now been arrived at. It differs from the above, 
however, in one respect, for, whereas the series of loops 
will not screen at all if the magnetic field is perpendicular 
to their axis,*a solid cylinder will screen even in this 
case, since paths for circulating currents exist in planes 
parallel to the axis. 

All the above points relating to loops and cylinders 
were demonstrated by the various experiments already 
described. 

The simplest method of making the screening indepen¬ 
dent of the direction of the magnetic field is to arrange 
three sets of loops in three planes mutually at right 
angles. If in such a screen as tins the points of inter¬ 
section of the wires of the loops are imagined to be 
electrically connected, the case of the wire-netting 
cage has been arrived at. Screening phenomena in 
wire-netting cages must therefore be of the same nature 
as those occurring with loops. A decrease in the size 
of the mesh is equivalent to an increase in the number 
of loops and should^ accordingly increase the screening 
effect, as demonstrated in the experiment, while at the 
same time making the resultant field more uniform 
throughout the region screened. • 

Finally, if the mesh is indefinitely reduced, the Case 
of a completely closed box is afrived at. Since we know 
that in such a box the screening ratio may be made to 
approach as nearly as we like to 100 per cent, we may 
conclude that, as the theory would indicate, the secon¬ 
dary field within is perfectly uniformly distributed and 
exactly equal to the main field. If, however, the sides 
of^the box were made very thin or of bad conductivity, 
the secondary field would be weaker than the main field 
and a considerable resultant field might exist within. 

With regard to the effect of gaps or holes in screening 
boxes or cages, theory would appear to indicate that a 
long slit in a transverse direction to the circulating 
currents set up would cause a considerable reduction 
of its screening properties, but that if the sift lay along 
the path of the currents its effect would be negligible. 
The results of one observation confirmed this conclusion 
[see Table 6, line*{10)J. 

The effecj: of wave-length variation on screening 
ratio disclosed in the case of wire-netting screens (see 
Fig. 9), which shows a slight increase of screening ratio 
with wave-length according apparently to a straight- 
line law, undoubtedly indicates that, as would be 
expected, the secondary field distribution varies with 
the frequency. This is no doubt brought about by 
the redistribution of current, which will tend to confine 
itself more and more to the outside surface of the cage 
at higher frequencies. 

Antenna effect in loops, —So far, however, we have 
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considered only the circulatingeffect in the loops 
and. have as yet paid no attention to the " antenna *' 
effect. The “ circulating currents, as we have seen, 
produce a magnetic field whioh opposes and therefore 
reduces the main magnetic field, but these currents 
cannot affect the main electric field of the wave, since 
any electric field associated with the circulating currents 
will be 90® out of phase with the main electric field, 
and of an entirely secondary order. It is here, how¬ 
ever, that " antenna currents are*effective, producing 
under these particular conditions of dimensions and 
frequency a secondary electric field tending to oppose 
the main field within the loop. Th^ e3;tent to which 
the electric field is in this way reduced was not investi¬ 
gated by experiment in the case of closed loops, but 
this could be done if necessary by emplo 3 ring the 
method described on page 267. 

Screening of magnetic field but not electric field ,— 
Thus we see that a closed loop screens both the 




Fig. 13.—Arrangement for screening magnetic field without 
affecting electric field. 

electric and magnetic field within it, whereas a straight 
wire or open loop screens the electric field only. It 
was suggested to the author by Professor Howe that 
the converse of this could be achieved by constructing 
a screen of loops arranged in the manner shown in 
Fig. 13, i.e. a series of elongated hoops of small height 
fixed in one plane and separated by small gaps. An 
examination of the direction of the arrows representing 
the current in the figure will show that the currents in 
any two adjacent horizontal members will have mutually 
opposing effects at points not close to them, thus leaving 
the current in the boundary conductors as the only 
effective ones. This arrangement should therefore act 
like a single-turn loop of area equal to that of the whole 
system as far as the secondary magnetic field is concerned, 
whereas it should produce little or no secondary, electric 
field at such points since the path for antenna currents 
is broken. Such a system should therefore screen the 
magnetic field but not the electric field. 

This arrangement was accordingly set up and tested. 
The overall area of the system was 10 ft, square and 
there were four loops, the size of each loop being 10 ft. 
long by 2ft. high, with Bin. between the loops. Its 
properties were found to be as predicted, for at a point 
2 ft. from the centre of the screen the electric field 

18 
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(A = 3 km) was not apparently affected, while the 
magnetic field was reduced by about the same amount 
as was obtained with the single loop in the first experi¬ 
ment. When, however^ the loops were all connected 
together, the electric field was reduced considerably 
(by about 20 per cent). 

A more efficient screen with this property could be 
made, if required, by constructing a series of screens 
of the above type in parallel planes. 

General Conclusions. 

The following conclusions may be drawn as a result 
of the experiments described in the paper. 

(1) Since the problem of screening a given region 
from the magnetic field of a wave differs distinctly 
from that of screening the electriq field, the design of 
a screen must differ according to whether it is desired 
to screen one kind of field only or both equally. 

(2) The effect of a screen on the magnetic field of 
electromagnetic waves depends mainly on the existence 
of closed conducting paths surrounding the screened 
region. Any given path, however, screens only that 
component of the magnetic field which is perpendicular 
to i-S plane, so that it is possible to obtain a '' direc¬ 
tional'" screen by an arrangement of single loops in 
parallel planes. The main point in desig nin g an efficient 
screening box will therefore be to ensure that three 
such good conducting paths exist in three planes mutually 
at right angles. A metallic box with electrically good 
joints at all eight edges fulfils this condition very well. 
For such a box, a thickness of copper of less than 1 mm 
will reduce the field within to a fraction of 1 per cent 
of its normal value. If, however, the box is open at 
the top or at one side it will only screen efficiently 
magnetic fields perpendicular to the open face. A box 
with an ill-fitting lid will, of course, behave in the same 
manner however thick it may be. If there are a limited 
number of gaps or holes in the sides for control puiposes, 
the parts of the interior at distances from such holes, 
large compared with their dimensions, will not be 
appreciably affected by the holes. 

(3) A screening box or cage will be effective as regards 
the electric field of a wave, provided that each face is 


connected to its opposite face by a good conducting 
path. 

(4) To protect a region from the electric field of a 
wave without affecting the magnetic field, the individual 
conductors in the screen must be open ** ciiJcuits, e.g. 
straight, insulated wires or open loops. 

(6) To protect a region from the magnetic field of a 
wave without affecting the ejectriij field, the screen 
must.consist of a series of small loops arranged so that 
there is no electrical continuity in ?he direction of the 
electric field. ^ r 

(6) It is extremely difficult to get a perfect screen. 
Even the smallest gaps'*allow a detectable amount of 
energy to enter, while joints or seams of low conductivity 
have the same effect. These facts were demonstrated 
by the experiments in the tank and with the loop with 
screened sides. On the other hand, even such coarse 
material as f-inch or 2-inch mesh wire netting has a 
very considerable screening effect, namely, of the order 
of 96 per cent and 90 per cent. This value for such 
cages is practically constant over tlie greater portion 
of the range of commercial wave-lengths, decreasing 
slightly, however, with increase of wave-length according 
apparently to a straight-line law. 

(7) A direction-finding coil enclosed in a screen of the 
type mentioned in (4) above (see Fig. 11) is rendered 
almost completely free from antenna effect, it being 
possible by suitably constructing the screen to en.sure 
that such residual effect as may remain shall be quite 
inappreciable. 

r 
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B.Sc. (Secretary), 

In condusion, the author wishes gratefully to acknojv- 
ledge the many valuable suggestions and general 
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Discussion before ihe Wireless Section, 2 January, 1924. 


Dr. R. L. Smitb-Rose ; The author and I were 
continually meeting this problem of screening in con¬ 
nection with our more general work on the propagation 
of waves, and, on reference to the literature on the 
subject, vejy contradictory ideas and statements were 
brought to. light. One writer recommended a gauze 
screen to accomplish the same object which another 
writer insisted could only be obtained by using very 
thick iron and welded joints; ^ in other cases screen 
boxes have been constructed of alternate sheets of 
copper and iron, with the idea of screening first the 
magnetic field and then the electric field. One of the 
causes that have given rise to this confused thought 
has been the n^application of the term Faraday 
cage." The original Farada 3 r cage was, of course, only 


applicable '’to electrostatic conditions, and in such a 
case I think that the screening is practically perfect, 
even though the cage be constructed of wir*e mesh or 
gauze or perforated sheet. Immediately the electric 
field is alternating or var 3 dng, however, ^the electro¬ 
static conditions have to be modified and the currents 
which flow in the screen itself have to be taken into 
account, in which case I tliink the tenn Faraday cage ” 
becomes a imsnomer. The problem was first encountered 
in connection with the requirements of the extension 
of the direction-finding systems to continuous-wave 
working. It was required in that case to construct a 
local oscillator and so screen that oscillator that no stray 
field intersected the rotating loops used in the directionr 
finder. The stray fields were giving rise to false zeros, 
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and therefore wrong bearings. As a result of a great 
number of experiments carried out on the screening of 
such an oscillator, it was shown that solid iron sheet 
was considerably better than other metals, e.g. copper, 
and that the effect of large gaps and holes in the sheet, 
which are unavoidable if the oscillator is to be made of 
practical use, could be largely obviated by allowing a 
considerable overlap) in -the lid of the box and making 
tight contact all round the periphery of the box. The 
experiments described in the paper show that what is 
required to screen a«space is*to obtain a large ratio of 
reactance to resistance of the metal employed for the 
box, and copper would appear to be the best metal for 
that purpose. There appears, therefore, to be a slight 
contradiction in the results obtained in connection 
with the screening of a local oscillator and the screening 
of a space from an incoming wave. A little considera¬ 
tion of the details and conditions prevailing in tlie 
two cases shows, however, where the discrepancy 
arises. So long as the magnetic field has an air path 
inside the screening box, then the largest ratio of 
reactance to resistance is obtained by the use of copper; 
but if the path of the magnetic field lies for any appre¬ 
ciable length through metal, then iron has an advantage 
over copper, because advantage can be taken of the 
permeability of that metal. In the case of the screening 
of a space from a wave, the rriagnetic field is uniform over 
the whole portion of the screen, and thus, by arranging 
a number of conducting loops in planes at right angles 
to the direction of the magnetic field,^one can obtain 
the necessary conditions. In the case of the screening 
of a source hf oscillations, however, the direction and 
intensity of the magnetic field vary greatly from^point 
to point over the ^rface which will be occupied byjbhe 
screen; in fact, it is quite j>ossible that inside the 
box the resulting primary field through the box may be 
zero^ In this case the screening that is to be accom¬ 
plished is rather in the form of local screening, which 
can be obtained by the eddy currents set up in the sheets 
of the metal. These eddy currents actually flow within 
the thickness of the metal, so that the path of the 
secondary magnetic field is a metal path. The pene¬ 
tration of the magnetic field in that case is given by the 
common sMn-effect formula. Some of the aulhor^s 
work has a valuable application in sharpening up the 
minimum obtained on an ordinary rotating-frame coil, 
whether used for direction-finding or for the purpose 
of diminishing* interference. The minimum .obtainable 
on such a direction-finding set is not quite as sharp as 
that obtainable by the use of a compensating condenser, 
but it is possibly that the zeros obtained by a com¬ 
pensating condenser are false balance positions. In 
any case the minimum has been reduced with this 
screen to as small a magnitude as is sufficient for prac¬ 
tical purposes at present, and greater accuracy is not 
warranted because of other effects which occur in 
direction-finding. 

Dr. J. Robinson : Most people who have made 
experiments with direction-finding have from time to 
time found the necessity for screening for various 
purposes. Some othe^r aspects have not been definitely 
referred to in the paper, such as the elimination of 
magneto noise on aeroplanes and the elimination of 


noises produced by neighbouring electric motors. It 
will be interesting to know whether the author has 
found that his methods have any influence on the latter 
form of disturbance. The papft at first sight appears 
to give the impression that it is possible to eliminate 
the magnetic component of electromagnetic waves 
without touching the electric component, and vice 
versa. Such a statement would appear to be in direct 
contradiction to Maxwell*s theory. .Closer examination 
will, however, show that there is no intention to upset 
Maxweirs theory, for practice in direction-finding has 
led to the general impression that certain effects which 
one obtains with loops are the result^ of-the magne;tic 
fields, and other effects are the results of electric fields, 
whereas it is fundamental that any of the effects produced 
in a loop can be explained from either the magnetic 
or the electric standpoint. 

Mr. L. Bainbridge-Bell: The company with which 
I am associated has for some time been fitting direction¬ 
finding sets in sliips, and it may be of interest to give 
some particulars of the screens used for protecting the 
rotating coils from antenna effect. These screens are 
fixed to the inside of a watertight box, wliich protects 
the coils, and are very similar to tliat shown in Fig. ]^1 (c). 
The screen on each side of the box is formed by 20 
vertical wires (20 S.W.G.) about 2 in. apart. The lower 
ends of these are connected to a horizontal wire running 
round the four sides of the box, but broken at one point 
to avoid a closed loop. A similar screen is placed inside 
the top of the box and connected to one of the vertical 
wires. The horizontal wire is earthed. In order to 
ensure symftietry in the down-leads from the coils, a 
transformer is placed between , the coils and the first 
valve of the amplifier. It is of special construction, 
the primary being split and the tuning condenser being 
connected between the two halves. In reply to Dr. 
Robinson, who asks whether a screen is effective in 
cutting out disturbances from neighbouring electrical 
machinery, I should like to say that I have not found 
that it reduces these disturbances at all. This, I think, 
is only to be expected, as the electrical machinery appears 
to “ shock-excite ** the conductors near the ffirection- 
finding coils, which radiate waves that affect the coils 
somewhat as do those emanating from distant wireless 
stations. 

Captain C. T, Hughes : I think that Dr. Smith-Rose, 
in drawiag a comparison between the effectiveness of a 
screen such as that described by the autlior and that 
obtained with compensator methods, has overlooked 
the extreme convenience of using a compensator on 
small portable installations. I should like to ask the 
author whether it is really necessary to have an outside 
construction quite independent of the hMt. Purely 
from the point of view of ease of erection, it would be 
a very much more convenient arrangement to rig up 
a screen on the walls inside the hut. 

Admiral Sir H. B. Jackson ; Has the author any 
idea how large or how small a screen will b.e efficient 
for the ordinary direction-finder 4 ft. square ? In other 
words, would an 8-ft. cube be equally as efficient as a 
20-ft. or a 60-ft. cube if the wires were spaced at the 
same angular distance from the centre ? 

Major A. G. Lee : The author's explanation of the 
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action of the screen, viz. that it produces a counter field 
180® out of phase with the main field, and therefore 
cancels out the main field, appears to be very sound. 
Has he ever considereS the effect of a screen in the 
case where a field arrives tilted, which sometimes 
happens ? That is to say, does t]?e screen work effec¬ 
tively in this case, or does it exhibit any tendency to 
exaggerate the errors due to the tilted wave-front ? 

Mr. R. H. Barfield (in reply): I agree with Dr. Smith- 
Rose that the problem of preventing a high-frequency 
electric field from entering a small enclosed space is 
quite different from that of preventing the energy of 
a local source c(mtained in that space from escaping. 
As I have not investigated the latter problem, I am 
unable to give any information to Dr. Robinson on the 
screening of motors and magnetos. 

I certainly believe that, as Dr. Robinson says, there 
is no action attributable to the magnetic field of the 
wave which cannot also be explained in terms of the 
electric field, but I think he will agree that certain 
phenomena are much more simply explained in terms 
of one kind of field than of the other. This, I think, 
applies in particular to the case of the loop with screened 
sides, and to the screening action of the straight-wire 
type of screen described in the paper. 

It is interesting to learn from Mr. Bainbridge-Bell 


RECEIVING APPARATUS: DISCUSSION. 

_P--------- 

that the development of the Blatterman screen has 
been carried on by others than myself and to find that 
the form at which they have finally arrived is very 
{gimilflT to that which has been found most successful 
at Slough. I would, however, regard as an uiSnecessary 
precaution the provision of a break in the horizontal 
loop which Mr. Bainbridge-Bell describes, since such 
a loop, whether open or closedr) can^have no screening 
effect whatever on the coils of the direction-finding 
set to the planes of which it is perpendicular. 

As Captain Hughes suggests, an anti-antenna-effect 
screen erected within the direction-finder hut should be 
quite as effective as one outside. The screen should, 
however, be large enough to contain the operator, and 
the spacing between the wires should be small compared 
with the distance of any part of the apparatus from the 
side of the cage. 

In reply to Admiral Jackson, I should say that provided 
the above precautions are taken in its construction the 
effectiveness of a screen will be independent of its size. 

In reply to Major Lee, the cage now in use at Slough 
which I have described in the paper is so constructed 
that its screening effect on the electric field is independent 
of the direction of that field in space, while, on the other 
hand, whatever the direction of the magnetic field it 
will remain unaffected by the screen. 
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GENERAL PRINCIPLES INVOLVED IN THE ACCURATE REPRODUCTION OF 

SOUND BY MEANS OF A LOUD-SPEAKER. 

By Professor A. 0. Rankine, D.Sc. 


The task of opening this discussion is not an easy 
one. My difficulty arises, no doubt, largely from the 
mistake of supposing that a mere lively interest in 
the subject constitutes a sufficient qualification for 
making the introductory remarks. But I have also 
an uneasy feeling that there may be in relation to 
loud-speaking devices many important discoveries 
which continue to be withheld from •public knowledge 
because of their commercial value. Consequently 
I may say things which might immediately be proved 
from practice to» be wrong, if only everyone* would 
reveal what he knows. The problem is, in fact? one 
in which practice. has outstripped theory, as in the 
beginnings of aerial ffight. A sudden great public 
deihand has had to be met, and the problem has 
approached solution, so far as we know, by trial-and- 
error methods and without much appeal to the theorist. 
]gut few would deny that the products leave room for 
considerable improvement, except, perhaps, those 
responsible for advertisements (frequently to be seen) 
in which certain loud-speakers are described as " perfect 
in tone ** and “ absolutely faithful in reproduction." 
The real position seems to be that there is rather wide¬ 
spread discontent with the loud-speaMng devices which 
are in use;*and the purpose of this discussion is, I 
take it, to endeavour to identify the defects and suggest 
means for their elimination. 

I think that the most useful thing I can do—in fact 
the only thing ^ am able to do—^is to present certain 
considerations, mainly theoretical, which will be 
admitted to have an important bearing on the question 
before us. Some of them are rather obvious, and have 
probably already been taken into account by manu¬ 
facturers. But few who have worked in acoustics 
have not, at some time or other, been faced with apparent 
contradictions between theory and practice; it is 
wise, therefore, sometimes to pause and reconsider 
what is funds^mental and true. First of all, what is 
the practical problem ? We wish to procure at one 
place the emission of sounds which are a sufficiently 


faithful copy of those originating at another place. 
It is not enough that the imitation should be agreeable ; 
we do not want, to take an extreme example, a piccolo 
played very badly to reappear as a performance on 
a bassoon completely above reproach. Whatever 
the original sounds are, we want the reproduction to 
be like them. Besides this—and it is here that 
apparently the chief difficulty presents itself—^we 
require that the reproduced sounds should be of con¬ 
siderable intensity. Although there is no need to 
specify this intensity precisely, we may, perhaps, for 
the purpose of argument, say that the sounds emerging 
from a loud-speaking device (if it is to deserve the name) 
should be at least as loud as those emitted by the original 
source. In other words, the ideal loud-speaker would 
be a secondary source in every acoustic respect 
equivalent to the primary source, whether speaker, 
singer or musical instrument. Put into the language 
of mechanics this means that the vibratory movements 
of the air at any specified distance from the loud-speaker 
should be identical with those which would occur if 
the original source were Substituted for the loud¬ 
speaker. This statement of the case, it is true, leaves 
out of account the important question of the spacial 
distribution of a large sound source such as an orchestra. 
It is not easy to see how any practicable loud-speaking 
device could imitate this effect. But this aspect of 
the subject has been deliberately ruled out of the dis-* 
cussion by its limitation to the field of reproduction, 
and I shall not break the rules in this respect. Nor 
s ha i’> I enter into psychological considerations further 
than to remark that it is conceivable—^perhaps probable— 
that perfect fidelity of sound reproduction alone may 
never lead to complete satisfaction by compensating 
for missing factors. It is at least arguable that visual 
conditions are not entirely unimportant; the sight 
of the lips or of the instrument manipulation may 
be needed to complete the effect. ♦ 

The point at which our inquiry begins is, as I have 
already said, not earlier than the stage in which there 
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are at our disposal, in electrical transmission at any 
rate, certain electrical fluctuations corresponding to 
the original sounds. The question is how to manipulate 
these electrical vibrations so as to procure a satisfactory 
copy of them in aerial vibrations of large amplitude. 
For I think that for present purposes we may take it 
that already we have available sufficiently good re« 
^production if we are content with feeble intensity. 
There is, in my view, little cause for complaint in the 
behaviour of good-quality telephone receivers applied 
close to the ear and emitting sounds then just comfortably 
audible. Again, it will probably be generally admitted 
as true that the quality of the sounds given out even 
from a loud-speaSer may be improved by reducing 
the output attempted. It is when large emission in¬ 
tensity is required that the distortion becomes too 
marked even for non-critical ears. I am no believer 
in* the practical necessity of attaining the ideal case 
in which the aerial vibrations are copies, perfect in 
every detail of frequency, amplitude and phase, of 
those which gave rise to thena. My own small experience 
has led me to the view that considerable latitude in 
tliis respect is permissible. On theoretical grounds, 
too, it would appear that to procure reproduction 
absolirtely perfect in the physical sense, as distinct 
from the acoustic, is not possible, having regard to 
the variety of transformations which are in practice 
necessary. But there must be a limit for this ph 3 ^Q- 
logical latitude, and there is evidently a danger, in 
seeking loudness, of departing too much from similarity. 
The various stages in the process each give rise to the 
possibility of distortion, and the effect is presumably cumu¬ 
lative ; thus each stage requires careful consideration. 

Broadly speaking, there are, from the point at which 
the field of discussion opens, three operations. There 
is first the amplification of the electrical fluctuations; 
in the second place there is the process whereby the 
current excites corresponding variations of ak pressure; 
and thirdly, we have the treatment of the aerial vibra¬ 
tions after they have been created. With regard to 
the first I am not able to speak at any length; it is 
a question of using one fluctuating current to impress 
its own features on another of greater power, usually 
in several successive stages. Most of us who have 
occasion to use thermionic amplifiers are aware that 
the later stages become more and more difficult, and 
we are fortunate to have the prospect of hearing later 
from Professor Fortescue what ought to be done. 
Perhaps he will be able to tell us also what are the 
limits of this type, of amplification from the point of 
^view of the subject in hand. 

Our second question—^that of the transformation of 
a portion of Jhe electrical energy into sound energy— 
is so broad that it is difficult- to choose a point of 
departure. Each mode of transformation, according 
to whether it is by electromagnetic, electrostatic or 
thermal means—^to mention only some of the better 
known—^provides a difierent. field for investigation ; 
and it would: be impossible for me in the time at my 
disposal, even if I had the Icnowledge, to deal with 
them. In all cases, hovrever, it is a question of forced 
vibrations, and I propose to make some general remarks 
on this subject which inevitably have a bearing on 


the problems of transmitting as well as those of receiving. 
I cannot do better than take as a text two quotations 
from Lamb's D)aiamical Theory of Sound." 

" The reason for the pre-eminent position >jhich the 
simple harmonic type occupies in Mechanics is that 
it is the only type which retains its character absolutely 
unchanged whenever it is transnqjtted from one system 
to another," * • 

and later, in elaboration of this point, after determining 
the forced oscillation under the aclion of a force com¬ 
posite only in the sense that it requires more than one 
different simple harmonic term for its representation, 

" This is an illustration of the rexnark made in par. I 
that the simple harmonic type is the only one which 
is unaltered in character when it is transmitted, the 
character of the composite vibration . . , being difierent 
from that of the generating force. In particular if 
one of the imposed speeds pi, p 2 • • * nearly coin¬ 
cident with the natural speed n, the corresponding 
element in the forced vibration may greatly predominate 
over the rest." 

Thus we connot reproduce sounds in general with 
complete precision; all we can do is to take steps to 
avoid too gieat changes of character in the often very 
complicated vibrations which we sometimes dissect 
for convenience into harmonic components. And the 
quotation just given directs attention to one of the 
chief dangers, namely, resonance. Iq aiming at loudness 
there is, no doubts a temptation to resort to resonance 
as a means to that end. In the majority of telephone 
diaphragms, for example, there are natural .frequencies 
whef^ they ought not to be, i.e. witliin the range of 
frequencies of the sounds •used, and the corresponding 
components of the sounds, inevitably get preferential 
treatment. This, of course, can be rectified to scffiie 
extent by damping the diaphragm, a process whiclt 
diminishes tire selectivity of the resonance by broadening 
the range of frequencies over which it occurs. 
inevitably the general sensitivity is thereby reduced, 
and it seems to be at least worthy of greater considera¬ 
tion whether, especially in view of the fact that in 
operating loud-speakers it is usually possible to detect 
one or more diaphragm notes, advantages might not 
accrue from plans alternative to permitting resonance 
and only partially suppressing it. • 

There are*two obvious ways of proceeding. One is 
to increase the natural frequencies of the mechanism 
to values above the upper limit of audibility, or at 
least as far in that direction as may^be practicable. 
The other is to choose mechanisms of very l;^w natural 
frequencies, so that none but the relatively high over¬ 
tones—which are not very liable to be excited—reach 
the lower limit of audibility. On theoretical grounds the 
former method is to be preferred, since it xvould give 
displacement components more closely corresponding 
to the exciting force; Where loudness is not important 
this procedure has, I beheve, proved very satisfactory; 
it remains to be se«a whether the sensitivity necessary 
for loud-speakers is attainable under like conditions. 
Perhaps others with more knowledge of the mechanical 
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properties of, for example, a diaphragm, will be able 
to say what are the prospects in this direction. 

The other alternative, that of using mechanisms of 
very low, i.e. nearly zero, natural frequencies, is also 
worthy continued consideration as possessing, at 
any rate, advantages over more resonant arrange- 
m nts. One device of this t 3 rpe is to be exhibited at 
this meeting, and there is another, of which I heard 
not long ago, wlfich presents certain features novel 
enough to be woriSi mentioning. It is attributed to 
Siemens Halske, and is said to consist of a strip of thin 
metal foil suspended between the poles of an electro¬ 
magnet, as in the Einthoven galvanometer. The 
plane of the foil is parallel to the magnetic field, and 
the incoming telephonic current, doubtless properly 
transformed to suit the arrangement, flows through 
the foil. This responds by mechanical movements 
perpendicular to its plane, and is the equivalent of 
the ordinary telephone diaphragm. Its fundamental 
natural period is 2 seconds, or thereabouts, and it is 
reported to operate efi&ciently without a horn. I 
mention this instrument for the purpose also of 
directing attention to the fact that the diaphragm (i.e. 
the foil) suffers no transverse forces except those due 
to the telephonic currents. In this respect it differs 
rather • fundamentally from the ordinary telephone 
receiver in which the diaphragm, or reed, is actuated 
by comparatively small increments and decrements 
of an attractive force of large magnitude, which is 
present in order that the sensitive part of the magnetiza¬ 
tion curve may be utilized. Under "these conditions 
a really sensitive *diaphragm, i.e. one which at its 
centre responds with large displacement to the operation 
of a small force, seems to be ruled out, for it wcmld be 
pulled over permanently into contact with the msignet 
poles.. The modification of tlie system so that the dia¬ 
phragm experiences no average force, as, for example, in 
the'gramophone diaphragm, might lead to valuable results. 
It is difficult to choose points for consideration from 
the many that present themselves. I will content 
B^self with mentioning one more in this part of the 
argument, namely, the question of ejfdting forced 
vibrations in the air by means of an intermediate 
mechanism, a diaphragm being typical. It is said 
that in ordinary telephony only a very small fraction 
of the electrical energy received is converted into sound 
fnergy. In the pursuit of intensity of reproduction 
there appear ^t first sight to be grounds for high expecta¬ 
tions in this direction, if only we could incf ease largely 
that proportion. I venture to suggest that it may not 
be wise to follow this line too far, otherwise complica¬ 
tions arising from reaction may appear. Our forced 
vibration ^should presumably not be sufficiently 
energetic to be capable of altering appreciably the 
character of the forcing vibration. This consideration 
applies both to the current-diaphragm system and to 
the diaphragm-air system, if we have so to subdivide 
the process. I have sometimes wondered whether, 
in this latter case, a departure from the above condition 
may be involved by using a horn in conjunction with 
a ffiaphragm. With a horn there is an undoubted 
considerable increase in sound output; it is not merely 
a re-distribution of the sound in a particular direction. 


Is it not possible that the horn increases too much 
the amount of energy transferred by the diaphragm 
to the air, and thereby, quite apart from the well- 
recognized horn resonance, brin|;s about distortion ? 

I have only a few remarks to make with regard to the 
third subdivision, that is, the treatment gf tbe aerial 
vibrations after thej^ have been developed. Of horns 
I will say no more tlian that they ought, if at all possible, 
to be dispensed with, possibly for the reason just 
mentioned, more certainly because of. their resonant 
character. Of course, they may have their uses in 
this respect if, after all, we have to rely on resonance 
for intensity, and to adopt the plan of multiplying 
resonances so as to cover the range of frequencies used 
in transmission, thus making the best of a bad job. 
But the ideal sound radiator would be a spherical 
one which in some way could be excited by the electrical 
vibrations so as to impart to the neighbouring air 
symmetrical fluctuations of pressure of large enough 
amphtude. I am sorry to say that I have no practical 
suggestions to make on this basis. 

A problem of importance is that of the conditions 
of listening to a loud-speaker, as, indeed, it is also in 
listening to a live speaker. It seems reasonable to 
suppose that in either case ideal listening would oonsist 
of hearing speech, at any rate, by the direct effect 
alone, without any reverberation or echo. For this 
we should have to damp out all room reflections both 
at the sending and the receiving stations. This is, 
in effect, frequently done in broadcasting, if we limit 
the case to that of listening on receivers applied close 
to the ear. But a considerable proportion of listeners 
appear to be asking for echo effects. Although I do 
not agree with them I can admit the argument, more 
particularly in relation to music as opposed to speech, 
that the custom of listening in a hall has led some to 
prefer the admixture of a certain amount of reverbera¬ 
tion. No doubt IVIr. Sutherland will deal with this 
and similar questions. All I would point out now is 
that in practical circumstances, if we admit the desir¬ 
ability of appropriate *' room effect,** as it is sometimes 
called, we must recognize that the problem is different 
according to the mode of listening, whether with head- 
receivers or with a loud-speaker. With the former the 
echo effect, if wanted, must •be imparted at the trans¬ 
mitting station; with the latter it is liable to develop 
in the listening room also. Doubting as I do the value 
of even one system of echoes, I cannot be expected to 
tolerate two different ones superimposed, such as would 
arise, in the absence of suitable precautions, in a room 
or hall in which was operating a loud-speaker emitting 
sounds already bearing an echo impress. My sub¬ 
mission is that for loud-speakers, as a general rule, 
echoes and reverberation should be eliminated at one 
end at least. For broadcast opera, for example, where 
transmission already unavoidably has the effect, the 
listening room should be draped much in the same 
way as transmitting rooms usually are. 

I should like to say a few words in conclusion with 
regard to methods of testing results. Audition as a 
test of the degi*ee*of perfection of reproduction is liable 
to be a matter of opinion as between one person to 
. another. From a scientific standpoint it would be 
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much bettlr to adopt a plan of taking simultaneous 
records of a visible type both of the original sounds 
and their reproduced copies, and comparing tliem. 
Even if feasible, however, I am not convinced of the 
value of this method except as a matter of scientific 
interest. ’ Unless we could attain the ideal of identical 
records, a degree of attainment-^probably quite un¬ 
necessary for present purposes, and, indeed, theoretically 
impossible, we could be sure of nothing. After all, 
the problem is to»»deceive our auditory mechanisms 
by offering imitations ; a listening comparison therefore 
constitutes the most direct test. It ought, of course. 


to be as nearly as possible a direct comparison; the 
original and the reproduced sounds ought to be capable 
of being heard not, perhaps, simultaneously, but at 
least alternately at frequent intervals. Our problem 
will be solved when the inventor is able tp deceive 
the most critical ear, so that its owner docs not know 
whether he is listening to the original or to tlie copy. 
It remains to be settled who is the severest critic. 
Those of us who have heard Ins recent lectures, and 
know of his almost uncanny facul<^y of mentally per¬ 
forming Fourier analyses* would probably nominate 
Sir Richard Paget. 


THEORY OF LOUD-SPEAKER DESIGN: SOME FACTORS AFFECTING P'AITHFUL 

AND EFFICIENT REPRODUCTION. 

By L. C. PococK, B.Sc., Associate Member. • 


If it is assumed that properly amplified and undis¬ 
torted speech voltage is available in the output circuit 
of a final amplifier, the problem is to procure the 
reproduction of speech efficiently and faithfully. The 
exact criteria for the reproduction of speech are better 
known than for music, but it is probably safe to say 
that a system capable of reproducing speech perfectly 
will give a highly satisfactory performance with music. 

If V is an impressed voltage of any frequency or 
amplitude within the region to be amplified without 
distortion, and P the resulting alternating air pressure 
outside the system, the conditions are 

P^AV 

where A is an efficiency constant independent of the 
frequency and amplitude. It is also necessary that 
there shall be no asymmetric distortion, that is, any 
single frequency F must pCoduce only the corresponding 
single frequency P. This condition is also expressed 
by the equation above. 

Present-day electromagnetic loud-speakers are, with¬ 
out exception, a compromise between relatively good 
efficiency and good quality, such efficiency as can be 
secured being obtained only with the aid of mechanical 
resonance, which is contrary to the criterion for faithful 
reproduction^given above. Fu^er, although telephonic 
speech has generally been handled in the past as a 
steady-state problem, recent improvements in trans¬ 
mission have rendered the transient phenomena 
associated with consonant sounds and every change 
of amplitude of some importance. The reproduction 
of severe transients cannot be perfect in any resonant 
S 3 rstem or in any system containing mass and stiffness, 
even though the damping be such as to prevent any 
natural oscillation; the severity of transients actually 
encountered in speech is dependent on the damping 


of the vocal resonances, and information on this subject, 
together with lilce information on the auditory 
mechanism, might indicate the desirable degree of 
damping from the point of view of transient phenomena. 
It is clear that the use of resonance to increase the 
efficiency cannot be pushed too far. 

Praetical loud-speakers consist of^a rather sharply 
resonant system working into an acoustic load, 
namely, a horn. It is ntot quite accurate to describe 
the horn as a load, because the useful work is the energy 
transmitted through the horn. The horn is operaf&ing 
in a capacity analogous both to an electrical transformer 
and to an electrical transmission line. The likeness 
to a transformer is seen in the passage of energy from 
the high meqhanical impedance of the diaphragm to 
the low impedance of the open end through a coupling 
device, which reduces energy reflection to a minimum 
and aims at obtaining the greatest possible transfer 
of energy. The likeness to a transmission line lies in 
the propagation of waves across the non-unifc)rq| 
section of the horn; the analogy is to a i\on-dissipative 
line containing distributed inductance and capacitance, 
the line constants changing steadily from end to end 
of the line in such a way that the impedance measured 
at one end of tlie line is high, and that measured at 
the other end is low. Such a system would form a 
m aximum energy coupling between two different 
electrical impedances. 

The acoustic impedance of a horn at its small end 
depends a good deal on the cross-section and also 
varies with the solid angle and the form of the horn, 
but, as in the electrical analogies, the impedance is 
also a function of the impedance into which energy 
is delivered, i.e. at the open end. Another view of 
^e acoustic impedance at the small end is to regard 
it as the impedance of the large end modified by the 
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hom through which it is measured. In general, the 
horn impedance also varies with frequency, and, though 
horns of approximately uniform impedance cam be made, 
it is clear, from a consideration of the varying mechanical 
impedancg of the diaphragm, that such a horn is not 
necessarily the best. 

These are some of the factors wliich enter into the 
performance of a hom. The practical considerations 
are usually those df size**; for indoor use the horn must 
not be too long, so that the problem is equivalent to 
attempting to obtain an electrical line of length equal 
to a wave-length or fess and having a very much higher 
line impedance measured from one end than when 
measured from the other end. The acoustic impedance 
is virtually coupled to the diaphragm, so that some idea 
of its variations with frequency can be obtained by 
observing the motional impedance of the receiver. A 



Fig. 1. —^Alternating pressure output of loud-speaking 
receiver corrected for impedance of circuit and receiver. 
(Average of 6 receivers.) 


• 

large number of horns, of a size suitable •for use in 
private houses, have been examined in this way, and 
resonances of var 3 dng degree have been found in all; 
larger horns might, however, be expected to show 
lesser effects. 

The resonance of a receiver without hom may be 
such that the diaphragm vibrates with more than 
60 per cent of the amplitude at resonance over a 
frequency re^on about 100 periods wide. When the 
hom is put in place, the diaphragm is made to do 
more work and the resonance is made much less sharp. 
The new damping coefificient cannot be simply expressed, 
because the resonance is no longer simple but is com¬ 
plicated by the coupled hom resonances. 

The actual pressure variation, in the air when the 


receiver is excited at different frequencies can be 
measured. Figs. 1 and 2 show the characteristics of 
two types of receiver. Fig. 1 is for a receiver having 
a flexible diaphragm driven jDy a small armature 
supported on a spring. The effective moving mass 
is not appreciably greater than that of the ordinary 
telephone receiver. *The curve is an average of the 
results of five receivers and shows definite peaks in 
the lower frequency region, due to the horn. It is 
seen that the distortion due to thesS resonances is small 
compared with the general effect, due to the mechanical 
resonance of the system. This is an important point: 
horn distortion can be brought within reas^onable limits ; 
the receiver meclianism is often responsible for defects 
of tone for which the horn is blamed. 

In connection with Fig. 1 it may also be stated 
that the perfection of reproduction is a great deal 



Fig. 2.—^Alternating air-pressure variation with frequency 
for an iron-diaphragm receiver, corrected for impedance of 
circuit and receiver. 

better than the appearance of the characteristic would 
suggest; the contracted logarithmic scale disguises the 
really rather gradual fall of the curve at the higher 
frequencies; even at the extreme end of the curve 
the highest frequency shown is reproduced with 
sufficient intensity to add greatly to the quality of 
reproduction. 

Fig. 2 is the characteristic of a loud-speaker of the 
iron-diaphragm kind, similar in principle to the 
ordinary telephone receiver; in this case the curve 
is an average of several tests taken on the same receiver. 
The frequency of maximum response is seen to be a 
little lower than in Fig. 1, and the curve drops some¬ 
what steeply between 1 000 and 2 000 periods per sec. 

(p.p.s.). 
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In both"^ the above cases the receiver output is 
corrected for the impedance of the associated amphfier, 
that is, a fixed voltage is operating on the loud-speaker 
through a fixed resistaijce representative of the amplifier 
output impedance that would be suitable for use with 
the receiver considered. Since the impedance of most 
receivers at about 4 000 p.p.s. two, three or more 
times as great as the impedance at 1 000 p.p.s., the 
reproduction of the higher frequencies is somewhat 
impaired due to this cause. 

It must be recorded that Figs. 1 and 2 are relative in 
value, rather than absolute; in particular no correction 
has been applied for the variation with frequency of 
the absorbing* poWer of the material used in the highly- 
damped chamber in which the measurements were 
made. 

Receivers have been constructed in which large 
vibrating surfaces are used without a horn. It appears 
that the vibrating surface must be of such dimensions 
that there is difi&culty in securing the necessary light¬ 
ness of the moving parts, especially when the added 
mass, due to the reaction of the air, is taken into 
consideration. In any case, the very important dis¬ 
tortion due to the use of mechanical resonance to obtain 
good'efiSiciency remains in evidence. 

With regard to the mechanical construction of an 
electromagnetic receiver, the ordinary construction of 
a telephone receiver requires considerable modification 
if it is to han^e more than a very small amount of 
power and, even when so modified, there is danger.of 
distortion due to the as 3 nnmetrical forces called into 
play by the passage of symmetrical currents. A 
receiver of the type giving the characteristic shoym 
in Fig. 1 is capable of handling about 10 watts without 


asymmetrical distortion, because the armature is 
driven by symmetrical forces. The amplitude of 
vibration may be of the order of 0*01 inch. 

To sum up, witli present-day constructions of 
receivers, faithfulness in reproduction cannot be 
obtained beyond a certain degree without making 
receivers very inefficient. Reproduction can, by careful 
design, be made very satisfac;j:ory, but to obtain the 
very last degrees of perfection, e.g. 6y filters, enormous 
increases in the power amplificatioif would be necessary 
to operate the receiver, in fact, yalves of far higher 
power capacity than are used in any radio receiving 
sets. As it is an easy''matter to obtain tlie present 
amount of amplification, it is seen that the chief interest 
in raising the efficiency of loud-speakers is to permit 
the application of quality-correcting devices, provided 
of course that increased efficiency is obtained without 
sacrifice of quality. 

With regard to tlie overall efficiency obtained in 
loud-speaking receivers, it is probable that 1 per cent 
is a high estimate and tliat a -few tenths of 1 per cent 
would generally be nearer tlie mark. The principal loss 
is iron loss, and, though eddy currents may be reduced by 
lamination, hysteresis still accounts for a very consider¬ 
able loss on account of the liigh frequencies concerned. 
It does not seem lilrely that any great improvement 
in real efficiency can be obtained unless a magnetic 
material with exceptionally low hysteresis loss and 
good permeability is discovered. Small improvements 
are possible by building receivers on a larger scale 
and using more* powerful magnets, but the necessity 
of making some part of the moving system, of iron and 
of low mass makes the employment of high alternating 
flux density in tliis vital part unavoidable. 


THE SOURCES OF DISTORTION IN THE AMPLIFIER. 
By Professor C. L. Fortescue, M.A., Member. 


(1) Scope. 

In this note the output P.D. from the rectif 3 dng valve 
or crystal is taken as the starting-point. With an ideal 
amplifier this P.D. is magnified and a current of pre¬ 
cisely the same wave-form is supplied to the loud¬ 
speaker. In many actual amplifiers, however, the wave¬ 
form is not faithfully reproduced and distortion is 
introduced. 

(2) The Causes of Inaccurate Reproduction. 

These may be put under the following headings :_ 

(a) Curvature of the valve characteristics. 

(b) Th use of intermediate circuits having more or 

less clearly defined natural frequencies. 


(cj) The unavoidable reaction effects present in most 
d&igns of note magnifiers* 

(d) Unsatisfactory reproduction in the last (or output) 
transformer. 

(3) The Effects of Curvature of the Anode Current 
Characteristics. 

[a) Resistance amplifier ,—^The ideal resistance ampli¬ 
fier is as shown in Fig. 1, and consists of a valve with' 
a non-inductive and capacityless resistance, R*, in 
series with the anode and a condenser of very large- 
capacity across the battery terminals. The valve 
characteristics may be conveniently plotted as a charac¬ 
teristic surface in terms of Fj and Vg^ allowance being’ 
made for the resistance R^. 

The surface shown^ in Fig. 3 is the ordinary charac- 
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teristic surface, the lines corresponding to constant 
anode current, but allowance is made for a series resist¬ 
ance of 10 000 ohms. The fluctuations of the grid P.D. 
above and below the mean value may be plotted below 
the diagraqfi of Fig. 3 as at G. Then, by projecting 
up to the line PQ, corresponding to the given value of 
the battery voltage, the values of the anode current 
can be plotted above and below the mean value at C. 
A reference to Fig.^ 3 shows that the anode current 
wave-form can only iye an exact replica of that of the 
grid P.D. when the constant-currenj: lines are equally 
spaced along the line PQ. Thus, if the surfaces are 


(which are the ones under consideration) is? however, 
very-much greater than the resistance of the anode 
winding as measured by direct current. The resistance 
must be ascertained by a.c. bjidge methods at the 
resonant frequency. Some transformers having a 
direct-current resistance of the order of 2 000 ohms 
are found at the resonance point to have eflective resist¬ 
ances of 200 000 to 300 000 ohms when loaded on the 
secondary side with resistances corresponding to the 
grid resistance of the next valve. "The representative 
characteristic surfaces must therefore be plotted for 
this high value of and not for the d.c. resistance ; 



Fig. Z.—^Resistance amplifier. 


iilA 



Fig. 2.—^Wave-form of grid current with 
conditions of Fig. 3. 



plotted out for any given valve, the possible range of 
anode current aiM grid voltage over which faithful 
reproduction can be obtained will be easily seen and the 
appropriate values of and Fj can be chosen. 
The values taken in plotting Fig. 3 are Fj = 200, 
F^^ — 4. Tlie amplitude of the fluctuations of F^ 

is 3*6 volts and of 1*76 mA. 

(6) Transformer amplifier ,—^Except in the last stage, 
a Ixansformer in the anode circuit should closely 
approximate to a resistance. When very heavily 
damped, due to its own losses and the load of the valve> 
and when near the resonant point, this is actually the 
case. The eflective resistance to the alternating P.D.'s 


the latter is only used to obtain the eflective starting- 
point for any actual battery voltage. 

For frequencies other than the,Resonant frequency 
of the transformer the conditions more cSmplicated,, 
and merely plotting the characteristic surface with a 
correction for a series resistance is insufficient. The. 
surface must be plotted without correction and both 
the grid and anode fluctuations must be allowed for. 
The line PQ of Fig. 3 becomes a curve—an ellipse in 
the case of two pure sine waves—and so long as this 
curve remains within the zone where .the constant- 
current contours are equally spaced the reproduction 
will be satisfactory. 
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(4) Effect of Curvature of the Grid Character¬ 
istics. 

If the grid voltage fluctuations have any considerable, 
positive values the grid currents ^vill be quite appre- 
ciable^ and the wave-form of the grid current will differ 
very widely from that of the grid P.D. Fig. 2 shows 
approximately the curve of grid current corresponding 
to the conditions assumed for Fig. 3. The grid currents 
will generally react on the source of P.D. and lead to 
heavy distortion. ^With many amplifiers the peak of 
the positive half cycle of the grid-filament voltage 
wave is practically cut off at Yg = 0. 

The only ^vay; of avoiding this difficulty is to render 
the effect of the grid current negligible. Valves have 
not yet been produced in which the grid current is 
negligible when the grid is positive and the anode 
voltage low, and consequently positive values of the 
grid voltage must be avoided. This gives another 
limitation to the range of the anode current characteris¬ 
tic curves that can be used, and indicates that the anode 
battery voltages should be high, and that the mean 
grid voltages should be considerably negative. 


- ^ - 

With regard to (i), the output required for a sustained 
musical note is of the order of 10 mA (R.M.S.) at 5 volts 
(R.M.S.). To give an equivalent volume of sound with 



(6) Effect of the Natural Period of the Inter¬ 
mediate Circuits. 

This trouble arises in the case of a transformer ampli¬ 
fier. In the first place any marked resonance means 
that the effective impedance in the anode circuit is 
dependent upon the frequency. The impedance—^and 
therefore the amplification—^will be greatest at the 
resonant frequency. Thus any sustained harmonic 
having this frequency will be unduly pronounced and 
the speech will appear “ tinny ” or " drummy,*' de¬ 
pending upon the pitch of the accentuated harmonic. 
The larger the number of stages of amplification that 
are used, the more marked is the effect. In the case 
of those high-frequency components which are not sus¬ 
tained, the effects are less pronounced. This effect is 
thus most noticeable with musical sounds and with the 
vowel sounds. 

Secondly, for frequencies other than the resonant 
frequency, the transformer is no longer equivalent to a 
resistance, and complications arise from the relative 
phase of the grid and pnode potential fluctuations on 
account of which it becomes very difficult to determine 
the wave-form of the anode current when the ampli¬ 
tudes are fairly large. 


ordinary speech a peak value of perhaps double these 
figures will be necessary, and after allowing for th 
losses in the transformer it seems that the output from 



Fig. 6. 


Fig. 0. 


the anode circuit of the last valve will be equivalent to 
an alternating current of peak value 30 mA at an 
alternating P.D. of peak value 15 volts. A transformer 


(6) Reaction Effects. 

It is well known that reaction plays an important 
part in all amplifiers. In the note magnifier the effect 
is to accentuate resonance effects mentioned in the 
previous paragraph. 

(7) Distortion in the Last Stage. 

The last stage is not unfrequently a source of serious 
trouble for two reasons:— 





Fig. 8. 


(i) The amplitudes are large. 

(ii) The " load " on the output transformer—^viz. the 

winding of the loud-speaker—is inductive and 
this inductance is not constant. 


is almost invariably used and the actual values would 
more probably be 10 mA at 45 volts. This involves 
a valve giving an emission current of perhaps 50 mA 
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with a fluctuation of anode current over the range 15 
to 35 mA ; and a voltage at the anode of perhaps 120, 
fluctuating between the limits of 76 and 166. General 
numerical considerations such as these show the 
necessity for valves of considerable output in the last 
stage. 

High battery voltages are also necessary—in the above 
case the steady fall of P.D. in the anode circuit would be 
of the order of 60 to 100 volts, and a battery giving 
something in the nefghbourhood of 200 volts would be 
unavoidable. » 

With regard to (ii), owing to the inductive nature of 
the load the last stage cannot b5 regarded as being even 
approximately a resistance, and the same effects are 
noticed as with a transformer operating out of resonance, 

‘(8) Conclusion. 

With properly designed valves and circuits it does 
not appear that any serious distortion can be charged 


against the amplifier. Valves giving considerable power 
output must, however, be used in the last stage. 

This conclusion has been verified by an oscillographic 
investigation of a two-stage trajisformer amplifier. A 
cathode-ray oscillograph was used, the circuits being, 
given in Fig. 4. In the first instance the output voltages 
from the oscillators* were applied to the deflecting 
plates of the oscillograph and gave a good ellipse on the 
screen, thus showing that both were good sine waves. 
This ellipse is shown in Fig. 6. Th^ amplifier was then 
brought into use and the output wave when properly 
adjusted again gave an ellipse as shown in Fig. 6, proving 
that the sine wave-form was preserved.^ Unsuitable 
adjustments or excessive amplitudes shcJWed very marked 
departures. In Fig. 7 the amplitude was too large and 
the sharp cut-off in one direction is due to the grid current 
effectually preventing the grid from becoming appre¬ 
ciably positive. Fig. 8 shows the ellipse closed in at 
one end owing to bad adjustment giving a mean position 
near the bottom of the curves of anode current. 


.THE ACOUSTIC PROBLEMS OF THE GRAMOPHONE. 
By H.^L. Porter, B.Sc. 


In this brief paper if is proposed to give an outfine 
of the work done on gramophone reproduction by P. 
Rot^well and myself, whilst in the service of the Gramo¬ 
phone Company, Hayes, Middlesex, It is hoped that 
in this way the problems and difS.culties of the subject 
will be made clear. I am limited by certain restrictions, 
in#that the details of particular methods used cannot 
be published, neither can the lantern slides exhibited 
be reproduced. The general method and results which 
can be given may, however, prove useful in the con¬ 
sideration of the analogous problem of the loud-spealcer. 
The gramophone problem is acoustical and mechanical 
in nature; in the latter respect it differs from that of 
the loud-speaker. For the purposes of this discussion 
I will confine myself almost entirely to the acoustical 
problem. 

The simplest fqrm of commercial recording apparatus 
consists essentially of a single conical horn in conjunction 
with a diaphragm. If such an apparatus be set up 
and its response to a series of simple tones emitted by 
organ pipes be measured by a suitably mounted mirror 
attached to the centre of the diaphragm, the character¬ 
istic curve shown in Fig. 1 * is obtained, the amplitude 
of vibration being plotted against frequency of pipe. 
Preliminary work had been done on the simplification 
of room acoustics and maintenance of uniformity and 
.purity in the tones. Curve 1 may therefore be accepted 
as a t 3 rpical curve under these conditions. The response 

* The figuree referred to in this paper were ^oivn as hintem slides. 


is very irregular, and it is clear that such an apparatus 
as we have used would give a very imperfect record. 
In commercial practice the matter is much worse, for 
the following reasons :— 

(1) The acoustics of the recording room is an unknown 

and complicated factor. 

(2) Many tones are recorded simultaneously. 

(3) The tones are complex and are very rarely uni¬ 

form in intensity. 

(4) The characteristic curve is further modified by 

recording on wax. 

(5) In reproduction no needle could possibly pass 

along the large-amplitude waves in the high 

peaks, so that further modifications have to 

be made with further loss. 

(6) The reproducing apparatus has its own charac¬ 

teristic response. 

The final curve of reproduction from a^ commercial 
record must therefore be much worse than shown in 
curve 1, and in view of this it is surprising that gramo¬ 
phone reproduction is as good as it is. Doubtless th 
ear is very generous in its behaviour in this respect. 

From a study of this curve and many similar on s 
we decided that the gramophone problem was not, as 
it had been in the past, a question of improving the 

sound box*' (as the diaphragm and its housing is 
termed) independently of the recording horns, or of 
improving the recording horns independently of the 
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sound box, or of both independently of the room con¬ 
ditions. The combination—and here the room must 
be included—^had to be considered as one acoustic 
system and treated ^ such. We therefore took a 
system in its simplest form and sought to arrange its 
response so that it should be uniform in terms of sound 
energy over the great range for which the gramophone 
must cater. This meant approaching the problem in 
three stages : First, to find to what each large response 
or peak was due f secondly, to ascertain whether we 
could control these responses, and, if so, to arrange them 
to give as much^uniformity of response as possible; 
and thirdly, to reduce the peaks to a suitable value 
and, if possible,'" raise the response in the troughs and 
so smooth out the curve. 

Considering these in turn, the placing of the peaks 
led us to an examination of the influence of the dia¬ 
phragm, its housing, the needle S 3 rstem, the connecting 
tubes, "the recording horn and the room. Each played 
its part. It was not an entirely easy matter, for the 
slightest modification in the system often brought 
about big local changes due to the acoustic proximity 
of some other factor. However, each peak was success¬ 
fully “ placed,*' and we found we had gained during the 
course of the work a good deal of control over the whole 
system. Next we tried to arrange these peaks in some 
sort of order, and Fig. 2 shows the result we obtained. 

There is a very important point to bear in mind here. 
If any system is set up in a haphazard manner, i.e. 
without any acoustical knowledge of the system what¬ 
ever, one is more likely than not to get two peaks 
, (due, of course, to different factors) falling together or 
near each other. When this happens a curious placing 
of peaks occurs and a tremendous massing of response, 
out of all proportion to the rest of the response, takes 
place over quite a number of neighbouring tones. In 
addition it often results in a large reduction of response 
in regions near at hand. This is shown clearly in Fig. 3. 

It was also found that the recording apparatus would 
react upon the source of sound itself and modify its 
pitch. Again, it was found difficult to keep the recording 
apparatus constant in its response for some of our work. 
The deviations were not such as to affect the general 
form of the curve, but for later work any changes at 
all were very serious. Thus temperature . had its 
influence, and many idiosyncrasies of the apparatus 
had to be investigated before we were satisfied that 
readings could be repeated from day to day. 


Finally we had to eliminate the peaks in the general 
response curve obtained so far. Mr. Rothwell evolved 
a very useful plan to reduce these peaks and fortunately, 
in so doing, found that by the same method he could 
raise the response in some of the troughs.* The final 
curve for the simple tones is shown in Fig. 4. 

The readings from which this curve was drawn are, 
as in all the curves, amplitudes ^ ordinates against 
frequencies as abscisssc. The amplitudes are read on 
the scale from the deflection of the mirror. Much 
work was, however, done*in tradijg out the amplitudes 
on the waxes, matrices and final records. After certain 
minor corrections were* applied to the system. Fig. 4 
can be taken to represent the actual amplitudes obtained 
on the record. So far, then, we felt satisfied that our 
corrected system gave us a very good approximation 
to uniform response over a large range of frequencies. 
We were not sure, however, whether the balance of 
response given by Fig. 4 was true for normal hearing; 
that is to say, we may have allowed for too much in 
the lower frequencies and too little in the higher, or 
vice versa. Only a practical trial would settle that. 
We therefore proceeded to record. We chose the 
pianoforte as it presented many elements of difficulty 
and had a great range of frequency, and, -moreover, 
we had made an attachment so that the instrument 
could be struck one note after another with an even, 
definite, blow which could be repeated. Here we were 
confronted with two serious difficulties, one of wliich 
we had not anticipated. We expected, of course, tliat 
the presence of such a large obs1;^cle as a pianoforte 
in front of our recording apparatus would make a great 
difference and we found this to be so. We were troubled, 
howe’^er, to find that the impulsive nature of the piano- 
forCe note was so different in it^action from the steady 
uniform note of the organ pipes, since it made the 
elimination of the response pealrs much more difficult. 
At last we made a record of the whole series of pianoforte 
notes where the amplitudes on the records were theo¬ 
retically of uniform intensity; only a few notes at the 
top were missing. When we played this record on»a 
gramophone we were confronted with the other half 
of the problem. We found that the gramophone itself 
had its own peculiar response, which greatly disturbed 
the carefully graduated tones on the record. The loud 
responses and the general distortion depended upon 
the reproducing instrument used, some instruments 
being much worse than others. 
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THE RELATIVE IMPORTANCE OF EACH FREQUENCY REGION IN THE 
AUDIBLE SPECTRUM—MEASUREMENTS ON LOUD-SPEA*KERS 

By E, K. SANDEMA>r, B.Sc, 


The Relative Importance of Each Frequency 
Region in^the Audible Spectrum. 

The system of ideas bearing on the question of the 
criteria involved in soilnd reproduction, which is outlined 
below, is by no means to be regarded as absolute but 
is merely an attempt to classify the types of sound 
characteristic to be preserved and the relative importance 
of the corresponding physical properties of sound. 

The relative importance of each frequency in the 
audible spectrum depends on what function of hearing 
is to be served. 

There are three essential characteristics of reproduc¬ 
tion which naturally occur to anyone considering the 
matter: 

{!) The first is probably intelligibility of speech; it 
must be possible to exchange ideas with 
reasonable facility. 

(2) The second is naturalness of reproduction of music 

(and also of speech), which, as we shall see, 
is a more searching requirement. 

(3) The third is the reproduction of speech at correct 

volume, which is bound up witli the first two 
requirement^ and involves consideration of the 
energy of speech. 

It is perhaps a surprising result in the case of sj^eech 
that the importance of a frequency region, from the 



Fig. 1. —^Effect Upon the syllable articulation an<} the energy 
of speech of eliminating certain frequency regions. 


point of view of intelligibility, is by no means propor¬ 
tional to its relative importance from energy considera¬ 
tions, 

The first requirement of intelligibility is that each 
isolated syllable shall be correctly interpreted. Syllable 
articulation may be defined as the percentage of such 
syllables correctly understood when read from a series 
of lists of unconnected syllables. 

Similarly, word articulation may be defined as the 
percentage of words correctly understood, while intelli¬ 
gibility is the percentage of ideas correctly interpreted. 

Fig. 1 shows the effect upon articulation and the energy 
of speech of eliioinating certain frequency regions. 


The full-line curve sloping up to the right shows the 
effect on articulation of transmittigg only those fre¬ 
quencies below the point plotted, and so is of the form 

•A:^\F(n)dn .( 1 ) 

Jo • ” 

where F{n) x dn is the percentage articulation^ carried 
by the frequency region n to (n dn). 

The full-line curve sloping down to the right shows 
the effect on articulation of transmitting only those 
frequencies above the point plotted, and so is of the 
form 

A = ^{n)dn .(2) 

Differentiating we get 

. 

so that the slope of the curve is a measure of the impor¬ 
tance of each part of the spectrum in carrying articulation. 

If we try to interpret Equation (3) rigidly we are 
brought face to face with the fact that the slope of the 
articulation curve for the passing of high frequencies 
is different from that for the passing of low frequencies. 
This seems- at first to be inexplicable or else due to an 
error in observation on the part of those who made 
the tests. The following considerations will, however, 
make this clear. 

By the above treatment we have tacitly assumed 
that articulation may be expressed as a function of 
frequency such that the articulation carried by any 
two regions is the sum of the articulations carried by 
each individual region. This is actually not the case, 
since articulation depends on the relative efficiency of 
reproduction of each frequency region. Hence a dis¬ 
crepancy creeps in if tins fact is not allowed for, and 
practically it is not convenient to do this; actually it 
will be appreciated from these curves that the error 
introduced is not serious. 

The dotted lines show the energy function in the 
same way as the articulation. It at once becomes 
evident that the greatest slope of the articulation curves is 
not at the same frequency as that of the energy curves; 
in other words those frequencies that carry greatest 
energy are not proportionally important from an articu¬ 
lation point of view. 

There is as yet no information on the function of 
frequency portraying naturalness, and it is questionable 
if such is conceivable or could be of any practical value ; 
we know that perfect naturalness can only be obtained 
by the uniform transmission of all frequencies within 
the music or speech range. It is a inatter of fact that 
it is possible to reproduce any one frequency nearly 
10 times (energy ratio) better than another before the 




276 


DISCUSSION On 

-:-P— 


ear can detect any departure from naturalness. If 
we had any measure of sesthetic pleasure, we could 
obtain a function of considerable value in rating the 
performance of a loiyi-speaker by its power to please, 
simply through an examination of its response charac¬ 
teristic. 

The absolute response charaSteristic of a system 
may be defined as being a curve . plotted between 
frequency and the efficiency of reproduction at each 
frequency, this efficiency of reproduction being expressed 
as the ratio of output to input power. It may thus 
be greater than unity in the case of an amplifier but is 
always less than unity in the case of a transmission line. 

It is sometinies more convenient to plot the square 
root of this ratio, wliich is then spoken of as the voltage 
or current ratio. In actual practice it is more convenient 
to plot relative response instead of absolute response 
as defined above; the shape of the curve obtained is 
similar, the only difference being the scale. 

Referring again to Fig. 1 we see that if we cut off 
all frequencies below 500 cycles the effect on intelli- 
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Fig. 2.—Campbell wave filters. 


gibility will not be appreciable, although the naturalness 
with its more rigid requirements is noticeably impaired. 
If we eliminate all frequencies above about 1 700 cycles 
we reach very nearly the limit of commercial speech, 
and any further considerable reduction in cut off pro¬ 
duces speech difficult to interpret. The intelligibility 
is about the same if we cut off all frequencies above 
1 600 cycles as it is if we cut off all frequencies below 
1 600 cycles. 

Fig. 2 shows the type of high pass and '' low pass 
wave filter of the Campbell type suitable for experiments 
of this kind. The theoretical cut-off frequencies of such 
filters are given by the following formulae:— 

Higli pass Low pass 

f ^_L_ y _L_ 

47rV(^0) TrVil'O) 

Measurements on Loud-Speakers. 

We are now in a position to interpret with some degree 
of discretion the meaning of the response characteristic 
of a system, and the next question that arises is how to 


obtain such a characteristic. The method of obtaining 
the response characteristic for an- amplifier is well 
known and there is no need to discuss it here. 

What we are concerned with is the response charac¬ 
teristic of a loud-speaker operating in it^ associated 
circuit; it is necessary to lay stress on this owing to 
the variation with frequency of the impedance of an 
ordinary loud-speaker. 

Dr. A. E. Keimelly has dealt ^with the subject of 
impedance measurements on telephone receivers very 
thoroughly, and has sho^ that ^t is possible to relate 
the shape of the resonant peaks of the response charac¬ 
teristic to the impedance frequency curve of the loud¬ 
speaker. It is, however, a ratlier laborious process 
and does not give the complete response characteristic. 
This method is probably very valuable in analysing the 
cause of inefficiency and distortion, but as a measure 
of performance a direct measure of the response charac¬ 
teristic is much more informative. 

The most obvious way to do this is by means of a. 
calibrated microphone, that is to say one in which the 
ratio of output electrical energy to maximum excess 
pressure due to sound energy is known. It is then 



Fig. 3.—^Electrostatic transmitter. 


only necessary to supply known energy^ to the loud¬ 
speaker and to measure the output sound energy by 
means of the calibrated microphone in order to obtain 
a calibration of the loud-speaker. Fig. 3 shows the 
calibration of a condenser microphone suitable for the 
purpose. This calibration is accomplished by com¬ 
parison with a piston-phone and a theimophone.* 

Such a calibration would be absolute ; tliat is to say,, 
the actual efficiency of transmission between the input 
to the loud-speaker and the microphone would be known. 
This is valuable if we wish to measure the power effi¬ 
ciency of the loud-speaker, but if we are only concerned 
with frequency distortion then we only require to know 
the relative efficiency of transmission of each frequency. 

In theory this sounds extremely simple, but in 
practice difficulty is experienced owing to the production 
of standing waves, resulting in a system of nodes and 
anti-nodes. The result is that while the microphone 
may be situated at what is a node for one frequency or 

♦ E. C. Wente: ”The Thermopbone,” Physical- Review, 1922, vol. 10, 
p. 838; also E. C. Wente : “ The Sensitivity and Precision of the Electro¬ 
static Transmitter for Measuring Sound Intensities,” 1022, vol. 10, p. 498. 
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set of frequencies, it may be also at an anti-node for 
another frequency or set of frequencies. The result 
is to produce waves in the response curve ; an obvious 
but rather laborious method of eliminating the effect 
of these nodes is to take a series of characteristics, 
moving thfe position of the microphone slightly each 
time, and then to draw a mean curve. 

It is, however, possible by means of .suitable damping 
material on the wa-Us of the room in which the test is 
made to reduce the, effect of nodes and anti-nodes to 
a degree where they are practically negligible. 

Fig. 4 shows a curve obtained by a combination of 
these two methods, where the dsgnping was only partial. 

The effect of nodes and anti-nodes may be avoided 
to a large extent by making the test in a large room 
with the microphone placed very near the hom of the 
loud-speaker, in which case the volume of emitted 



energy is very much greater than the volume of reflected 
energy; there is, however, a danger of standing waves 
being formed between the hom and the microphone. 

Another method which has been very successfully 
used by Mr. L. C. Pocock is to employ a band of fre¬ 
quencies, the frequency applied varying sinusoidally 
in time between two frequencies at equal distances on 
each side of the frequency, the response of which is to 
be measured. Su®h a method automatically takes an 
average, eliminating the effect of nodes and anti-nodes 
and actually*tending to prevent their formation. 

The formation of nodes and anti-nodes may very 
easily be demonstrated in a room of ordinary size by 
connecting a valve oscillator to a loud-speaker. It is 
foimd that the intensity, of sound varies very consider¬ 
ably from point to point in the room, the nodes being 
roughly of the order of a wave-length apart, so that 
the frequency of occurrence of nodes is proportionally 
greater in the case of high frequencies than in the case 
of low frequencies. The effects may be best observed 
VOL. 62. 


if one ear is blocked up, in which case it fs possible 
with quite a loud note, if it is sufficiently pure, sounding 
in a room, to find a position where a single ear can detect 
practically no sound. On chan^g the frequency, an 
ear in this same position may be found to receive quite 
a large volume of sound, and the whole system of nodes 
and anti-^odes will b« different. 

Retummg to the statement that a loud-speaker must 
be tested in its associated circuit, we can m^e a modifi¬ 
cation if we are prepared to make to impedance run 
on the loud-speaker. In this case we can, if we like, 
make a test supplying constant current to the loud¬ 
speaker at each frequency, and then make a correction 
for its impedance and that of its associated circuit at 
each frequency. This is not so direct as testing the 
loud-speaker in its associated circuit, but it is some¬ 
times more convenient. For instance, if we have a 
loud-speaker operating in the plate circuit of a valve, 
we can regard the voltage in the circuit comprising 
the loud-speaker and the plate circuit as being constant 
at [A. times the a.c. grid voltage, Vg, applied to the valve 
(assumed to be constant with frequency). 

Then the current through the loud-speaker, instead 
of being constant as was the case under test; is given by 


where is the impedance of the plate circuit, and 
the impedance of the loud-speaker at any frequency ; 
and the power input to the loud-speaker is 


H- 


X Zj;, COS <[> 


where ^ is the angle of the impedance instead of 
I^Zj^ cos^, where I is a constant (i.e. in the case of a test 
under constant current). • • 

Hence if the ordinates of our response characteristic 
are expressed in simple power ratios we must make 
allowance for the variation in impedance of the circuit 
by dividing each ordinate by the value of {Zp -[- Zj^)^ 
at each frequency and by multiplying each ordinate 
by some constant (to give a convenient scale), possibly 
the value of {Zp -h Zj^)^ at some chosen frequency. 

If, instead of power ratios, pressure/voltage ratios 
are plotted, then we must divide each ordinate by the 
value of {Zp -|- Zj^) at each frequency. 

We have described this method because it is the 
one generally‘used, but it would appear to be much 
quicker in the commercial case to test the loud-speaker 
in circuit with its associated amplifier, since all' this 
correction is thereby avoided and all that is required 
is the response characteristic for the amplifier, which 
can generally be made sufficiently flat to be negligible. 

Fig. 6 shows the circuit arrangements for a test of 
this nature. Mi and Ti show the position of the meter 
if the test is to include the amplifier Ai, which must 
then, of course, be calibrated, while M 2 and T 2 show the 
position for the constant-current test already described. 

In actual practice there may be a large number of 
variations of this method. One that has been very 
successfully applied is to arrange that the amplification 
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is such tlmt the net result from the input of amplifier 
Ai to the output of amplifier A 2 is a loss at all frequencies. 
Then it is only necessary at each frequency to insert 
an amount of standard cable between the oscillator 
and a headphone to give the same loudness as when 
the headphone is connected to the output of A 2 . It 


The standard cable used in this case is distortionless 
and has an attenuation per mile equal to the attenuation 
of standard cable per mile at 800 periods per second. 
By determining the distortion in the rest of the circuit 
we can calculate that in the loud-speaker. 

It has been attempted in this paper to present the 



Transinitter 




A»Amplifier M-Milliamtneter, 


is'^thus possible to measure the loss in standard miles 
at* each frequency. 

Then if Pi is the input power to amplifier Ai, 

P 2 is the output power from amplifier A 2 , 

P2 = Pi6“2 X 0109OT 

where m is the number of miles of standard cable. 


difficulties involved in their most elemental form, 
rather ^■^arl to give instances of any very special metliods 
of overcoming them, it being thought that this would 
be more productive of fresh effort; and it is hoped that 
the particulars given in the small part of the subject 
that it has been possible to cover in the time available 
wiU be fruitful in this direction. 


THE OVERTONES OF THE DIAPHRAGM OF A TELEPHONE RECEIVER. 

By Professor J. T. MacGregor-Morris, Member, and Professor E. Mallett, 

M.Sc.(Eng.), Member. 


It is well known that plates and diaphragms in vibra¬ 
tion exhibit resonance af various frequencies, and that at 
the frequencies of resonance the vibration amplitude 
under a given impressed force is greater than at others. 
The frequencies at which resonance occurs, unlike the 



Fig. 1.. 


resonance in the vibration of strings or of columns 
of air, are not harmonic, i.e. the various overtones 
are not in the simple proportion of the numbers 1, 2, 3, 
etc., and the resonance occurs by the plate or diaphragm 


Table 1. 

Exp$yifn$ 7 it(il Results obtdifiBct with d Sta/ndcLfd Receivef. 


Frequency in 
periods 

Mode of vibration P®r second 

Ratio to 
fundamental 

Fundamental .. . • ? 

1060. 

1 

• J 

T 420 

203 

*1 nodal diameter .. S 

J 630 

2*33 

2 diameters 

2 260 

3*22 

1 circle. 

3 000 

4*29 

3 diameters 

3 400 , 

4*86 

♦1 circle and 1 diameter -| 

r4 000 

L4 660 

5-71 

6*60 

*1 circle and 2 diameters ^ 

re 760 

L6 160 

8*23 

8*79 

2 circles 

6 820 

9*74 

*2 circles and 1 diameter " 

[8 160 

18 600 

11*64 

12*29 


(Those marked thus * were obtained with one of the 
receiver coils reversed.) 
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Lreguency, in. cycles per sec 


Fig. 2.—Standard Bell-type receiver of 120 ohms resistance tested with a current of 2 mA. 


Stable 2. 


Resonant Points on Standard Receiver (120 ohms). 


Mode 

Coil 

Note produced 


Note produced 



! 

Observed 

Plate theory 


Observed 

Plate theory 

Fundamental* 

— 

f" to c"' 

r X 

Normal 


o'""- 

/ 

Normal 

/"'tt+ 

1 

X 

Reversed 

/'"'4 


X 

Reversed 

c""f 


Normal 

,, g'""i+ 

/""4+ 

o 

• Normal 


r- 0 

Reversed 

c'""'- 


>l< 

Normal 

g'"i+ 

a"" 





‘’y ‘"“P ^ tte minus sign that the note fa hat by less than halt a 


, cheo^anteglfThttec^™^^^^^^ ?lfe‘ notValtnSettSra?«^C^^^^^^ ol resonance due to 


By inductance bridgq without sand : 688*5 
>».,»»* , »> J> yy : 684 

By inductance bridge with sand : 668 
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vibrating in portions and not as a whole. These various 
modes of vibration can be exhibited by the well-known 
method of Chladni, simply by sprinkhng sand on 
a diaphragm. We ar^ much indebted to Mr, Dutton 
of the City and Guilds (Engineering) College for assist¬ 
ance in this matter. 

/The point arises as to what beSxing, if any, this has 
on loud-speakers. Many loud-speakers use a diaphragm 
or vibrating plate of some kind or other. In some the 
plate is directly actuated by the electromagnets as in 
the ordinary telephone receiver, while in others it is 
moved by a reed or a moving coil. But whatever 
the means employed to impart the motion, the facts 
are the same, tliat a diaphragm of some form or other 
is maintained in vibration by an impressed force and 
so a sound wave is produced. 

It seems natural to conclude, therefore, that all 
loud-speakers of these t 3 ^es must have resonant 
frequencies which are to be ascribed to the various 
modes of vibration of the diaphragm. The question 
as to how sharp these resonances are, depends on the 
damping. In the case of the ordinary receiver, con¬ 
siderable damping is introduced by the closeness of 
the ear cap to tlie diaphragm, and still further damping 
is iatroduced when the receiver is placed to the ear. 
In at least two different types of relatively successful 
loud-speakers (A and B) a similar device is adopted to 
introduce damping. 

It would therefore seem to be a question of a 
judicious balandng of the damping against the 
resonance. Without the resonance, i.e. with very 
strong damping, the response would be very poor, 
but uniformity over the frequency range would be 
assured. With resonance the response is great, but 
there is lack of uniformity. 

That the frequencies at wliich resonance occurs with 
an ordinary diapliragm are within the necessary range in 


music seems to be certain, as Table 1 * would indicate, 
and as will have been heard during the demonstration. 

There are four methods of obtaining the resonant 
frequencies of a telephone receiver diaphragm :— 

(a) By intensity of sound produced. 

(&) By Chladni's sand figures. 

(^) By Western Electric cathode-ray tube indicating 
sudden change of power factor. 

(^) B}^ inductance bridge measurements. 

In all cases an alternating current is supplied by a 
valve oscillator and the frequencj^ is gradually increased, 
when the various overtones become apparent at their 
respective frequencies. 

In the inductance bridge method the passage through 
a particular mode of vibration is rendered evident by 
a sudden drop in the inductance and a return to the 
smooth curve, and a sympathetic change in the effective 
resistance curve. These changes have been examined 
very thoroughly by Dr. Kennelly for the fundamental 
mode of vibration. 

In the accompanying curves (see Fig. 2), determined 
by Mr. M. Stern at East London College, these changes 
are shown for a number of the overtones as well, and the 
sand figures belonging to the respective modes are also 
shown on the graph. Two pairs of curves are ^ven, 
one with the two coils in tlie receiver connected in the 
usual way and the other pair with the two coils in 
opposition. It will be seen that owing to lack of 
complete symmetry in construction of the receiver, 
certain modes are evident in both pairs of curves. 

The above results are given in the pitches of the 
various overtones in Table 2, and it will'^be seen that 
the plate theory is in close agreement with the observed 
vajues; only in one case is there a difference of more 
than a semitone. ^ 

♦ Extracted from a paper published in the J,E.U. Journal, 1923, vol, 61 
p. 1314. 


AUDITORIUM ACOUSTICS AND THE LOUD-SPEAKER. 


By G. A. Sutherland, M.A. 


The conditions of good hearing in an auditorium are : 
first, uniform and adequate loudness ; secondly, dis¬ 
tinctness, which means freedom from undue overlapping 
of successive soundfe; and, thirdly, freedom from 
distortion, ""i.e. the preservation of the proper relative 
intensities in the simultaneous components of a complex 
sound. A pre-requisite to the attainment of such 
qualities is the ability to express them in definite form, 
and also to express with definiteness the way in which 
the shape and the lining and furnishing of a room 
contribute to produce these effects. 

U^onn loudness is associated in practice with the 
absence of curved walls, which produce main and sub¬ 
sidiary foci, and, unless suitably covered, always con¬ 


stitute a menace to good acoustics. With fiat walls 
the distribution becomes sensibly uniform within a 
small interval of time, and, when a source commences 
to emit sound, the energy density has been shown by 
Jager,* making assumptions as to conditions that are 
sufficiently close approximations to those actually 
occurring, to grow according to the equation 



e 



where is the average energy density at time t, A^is 
the energy enutted per second, F is the volume of the 

♦ S. jAGtit: SUmngsb^hUn dor KaiserU Ahad, dor Wissonsehafien in 
Wien, 1911, vol 120. 
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room, V is the velocity of sound, and e is the exponential. 
S is the total siirface presented by walls, ceiling, floor, 
furnishings, etc., and a its average absorption coe£&cient. 
If there are surfaces S 2 » /S' 3 , S 4 , etc., with coefficients 
cti. a 2 , 08 #, respectively, then clearly 

aS = oiiSi H- CL 2 S 2 + + a4^4 + . . . 


Similarly, when the source is stopped the time of decay 
is given by 

• 4A 
E = —4F 
• avS 


The value of the naaximum intensity attained, 
wliich is 4AI{avS), varies directly with the rate of 
emission of energy by the source, and inversely as the 
total absorbing power of the room. 

If a room be very large, S is necessarily large and the 
maximum intensity can be changed oiily by var 3 dng 
.4 or a. Thus it will be impossible to fashion too large 
a room satisfactorily for sounds of limited strength 
(i.e, where A is small), since to make large a 
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Fig. 1.—Growth of sound intensity in a room for various 
• degrees of absorption of its boundaries. The time- 
values associated with the horizontal dot-and-dash lines 
give the time in which the intensity grows to 99 per cent 
of the saturation value. 


would then have to be made small, the effect of which 
is, as will be seen,.to increase the rates of growth and 
decay and so militate against distinctness. The term 
*f adequate loudness ” has no meaning except*when con¬ 
sidered in relation to distinctness. The rates of growth 
and decay also depend on the value of S/V, which 
is smaller the larger the room. Thus two rooms having 
the same proportions and lined with the same material 
will have different acoustic properties unless they are 
identical in size. 

The meanings of these expressions for growth and 
decay can perhaps best be appreciated by reference 
to the following curves, most of wliich are due to 
Eckhardt.* The first series (Fig.’' l) shows how the 
rate of growth in a room of volume 1000 cubic metres 
changes with the average absorption coefficient of its 
walls, the conditions varying from arTempty room with 

E. Eckhardt : Journal of the PtanMin InstUute^ X928t vol. 1^5, p. 799. 


bare hard walls to a room with a full audi^ce and a 
large amount of absorbent, lining material. It will be 
seen that the maximum intensity attained is greatest 
for the empty room, but that the time to attain this 
maximum is also greatest. If tUe decay curves, which 
are the same curves inverted, are plotted, then the 
time of decay is cleariy seen to be greatest for tliis case 
also. 

The effect of varying the volume of the room is shown 
by the next series (Fig. 2). The intensity is seen to 
rise most slowly in the case of the largest room and also 
to attain the smallest maximum. 

In speech, where the emission is discontinuous, the 
effects may best be demonstrated by drawing a separate 
curve for every syllable and. summing these to show 
the variation in total intensity. The result is shown in 
Fig. 3. Tile dotted curve represents the resultant. 
In the case selected it will be noted that at any 



in seconds 


Fig. 2.—Growth of sound intensity in rooms of different 
volumes, the boundaries being of the same poorly 
absorbing material in all cases. 

• 

instant about 60 per cent of the sound heard is due to 
previous syllables and only 40 per cent to the syllable 
actually being uttered, also that the variation in in¬ 
tensity due to the discontinuous articulation is only a 
small percentage of the total intensity, conditions which 
inevitably mean indistinctness. 

The effect of speaking at half the rate in the same 
room is shown in Fig. 4. The maximum intensity is 
only about half what it was, but the syllable actually 
being uttered contributes 60 per cent of this. This 
represents an improvement, the variation between 
syllables being 40 per cent of the maximum. It is to 
be noted here that although the discourse seems dis¬ 
jointed to the speaker it will not se^ so to the 
audience. 

If we take a room of the same size but of higher 
absorbing power the maximum attained may be reduced 
to one-tenth of the previous .value, as indicated in 
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Fig. 5‘ btrt each syllable contributes 94 per cent of the 
sound heard at any instant, and the variation between 
syllables is about 46 per cent of the maxunum. This 
represents a state of aifairs in which hearing is satis¬ 
factory, and it will tHus be seen that, for speech, dis¬ 
tinctness is more important than loudness. 

It is possible to carry the process further, and in 
this case we get the effect shown in Fig. 6. The resultant 


has been given, and exhaustive experiments by Sabine * 
have shown that the best condition as regards dis¬ 
tinctness is associated very approximately with a par¬ 
ticular reverberation period which in a room of a given 
volume has one value for speech, another for chamber 
music, and a third for orchestral music. A logarithmic 
curve like these is completely determined if we can 
measure the time of decay to 1/e of the initial value. 


0-lZ 
0-10 

0-08 

JE 

0-06 

0-04 

0*02 

0 

Fig. 3.—Growth and decay of sound intensity for syllable 
emission in a room of too small absorbing power. 
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t, in seconds 

Fig. 6.—Growth and decay of sound intensity of syllable 
emission in a room of proper absorbing power. 
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curve differs so little from the components that it has 
not been drawn. Here the peak intensity is about 
one-third that of the previous case, but the drop between 
syllables is about 90 per cent of this. By common 
agreement such a state of affairs is assumed to be 
inferior to the previous state, partly, perhaps, because of 
the small peak intensity, partly, too, because we are 



0 0-4 0-8 1-2 1-6 2-0 


t, in second^ 

Fig. 4. 

so accustomed to a certain amount of overlapping that 
a condition in which it is absent seems unnatural, but 
undoubtedly also because ideally a speaker's utterance 
should have in it something of the character of music, 
and everyone would unite in condemning as " dead " 
a passage of music in which there was no blending of 
successive sounds, 

..To the slow decay of sound in a room indicated by 
the foregoing s^ies of curves the name reverberation,'' 


In any ordinary room this time is too short to be capable 
of accurate measurement, and Sabine measured instead 
the time of decay to inaudibility of a sound initially 
10® iimes the minimum audible intensity. This he 
calls the " period of reverberatipn." By doing this in 
rooms lined with differerj: materials he was able to assign 
absorption coefficients to linings commonly used. This 
enables calculation to be made in advance of construction 



Fig. 6.—Growth and decay of sound iirtensity for syllable 
emission in a room of too great absorbing power. 

* r • 

and the desirable reverberation period to be assured 
from the start, Sound, being a form of energy, cannot 
be got rid of by the scattering produced by irregularities 
in the walls, etc. It remains audible until converted 
either directly by air friction into heat, or into some 
other form which will eventually become heat.. Thus 
the most effective absorbents of sound are pprous linings 
and furnishings, the relative merits of different linings 

♦ W* C. SABIN15: •* Collected Papers on vAcoastics,*.* 1922. 
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being indicated by the curves in Fig. 7. Curve I is 
for a painted brick wall; curve 2 is for plaster on tile 
with a finishing coat; curve 3 is for wood panelling; 
curve 4 is for a special tile called Akoustolith; curve 6 
is for a special hair felt; curve 6 is for hair cushions ; 
curve 7 is for cotton wool cushions, and curve 8 for 
an audience as ordinarily seated. It will be seen that 
an audience is the best absorber of sound. 

Where speech is concerned the difficulty usually is 
to introduce sufficient absorbent material, a difficulty 
which, as we have seen, increases moire than propor- 



Fig. 7.—Showing the absorbing powers of different materials. 

tionaiely with the size of the room, since the times of 
growth and decay depend on S/V, and V increases 
more rapidly than S. When we come to consider 
.the possible function of the loud-speaker we see 
that much more satisfactory hearing is likely to be 
attained by distributing an audience into a number 
of small rooms with a loud-speaker^in each, than by 
attempting to accommodate all in a large hall. Even 
if the large hall be .full the audience is not so effective 
in reducing reverberation as in smaller rooms. If the 
room is partly empty the situation is considerably worse. 


For music, where a longer reverberation i^ desirable, 
the opposite arrangement may give the better results. 
It is impossible to generalize, however; each case 
would have to be settled on its merits. 

One thing that stands out quits clearly is that notliing 
is to be gained by having a loud-speaker with a rate of 
emission of energy many times that of the human voice. 
Almost all halls suffer from excessive reverberation and 
the louder the initial sound the greater is the confusion 
produced, since the louder sound lasts longer and there 
is more overlapping. This is a matter of common 
experience; in fact a sure indication that a room is 
suffering from excessive reverberation is furnished if 
increasing the loudness is found to increase the defect. 

A point to which we have not yet directed our atten¬ 
tion, and which can be touched on only briefly, is the 
question of accurate rendering or freedom from dis¬ 
tortion. It is customary for ph 3 ^icists to regard the 
quality of a note as being completely determined by 
the relative intensities of the different vibrations leaving 
the source. Clearly the sound heard depends on the 
relative intensities of the vibrations reacliing the 
audience. The different wave-lengths, as Fig. 7 shows, 
are far from being absorbed equally. Sabine quotes a 
case where with an 8 ft. organ pipe the introdu<;jion 
of felt into an empty room reduced the ratio of the first 
overtone to the fundamental by 40 per cent, that of 
the third overtone by 50 per cent, and the fourth by 
60 per cent. With a 6 in. pipe, on the other hand, the 
effect was to accentuate the overtones, whereas all 
notes below the 6 in. fundamental were purified. The 
effect of an audience was still different, viz. to purify 
all notes up to .C4, 512, and to have very little effect 
on tones above this. For Cl, 64, the first overtone 
was decreased 66 per cent relative to the fundamental, 
and the second was decreased 76 per cent. 

Generally we may say that if the sound from a loud¬ 
speaker tends to be too rich in higher-pitched notes, 
then the presence of a large audience is likely to have 
a corrective effect. As before, it mil be advantageous 
to use several smaller rooms rather than one large one. 
The case of music is too complicated for treatment 
here. So far as the autlior is aware, the judgment of 
musical autliorities has never been expressed in such 
a form as would make it applicable. No doubt the 
relative numbers of the different instruments in an 
orchestra have been fixed empirically, having regard 
to the conditions normally prevaiHug in concert halls. 


SOME DIRECTIONS OF IMPROVEMENT IN THE LOUD-SPEAKING TELEPHONE. 

. By S. G. Brown, F.R.S., Member. 


It is difficult to discuss the problem of the loud¬ 
speaker in the short time available, and accordingly 
my remarks must be confined to one or two general 
aspects which occur to me. 

It may be refnarked that, for the want of the perfect 
transmission system^ it is not possible to determine 
the real inefficiency of the present-day loud-speaker. 


We presume that it is inefficient because in the electrical 
transmission to it we have never approached the per¬ 
fection of listening direct to, say, the music of the 
orchestra itself. 

The loud-speaker consists, among other things, of a 
diaphragm which operates in an enclosed chamber in 
the manner of the piston of a purnp.' A hole is provided 
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in the co<br of this chamber, and air is forced in and 
out through it as the diaphragm vibrates. The smaller 
the hole, within reason, the greater will be the velocity 
of the air as it leaves the chamber, and, as the sound 
energy is proportionaf to the square of the amplitude, 
the output of the loud-speaker can be materially raised 
by a suitable size of hole. » 

Connected with this hole is a tapering funnel or 
trumpet. The object of this is to transmit the sound 
energy to the outei^ space with as little loss as possible. 
The air in the funnel vibrates as in a double open-ended 
tube. The natural period of the air enclosed in the 
trumpet is similar to that in an unstopped organ pipe. 

This natural ndbration of the air column is super¬ 
imposed upon the vibrations set up in the air by the 
diaphragm. It can, however, be removed by drilling 
suitable holes in the tube along its axial len^h. The 
first hole would be mid-way along the trumpet in order 
to eliminate the natural frequency of the column. The 
next overtones are 'removed by drilling holes respec¬ 
tively one-quarter and one-eighth of the way along the 
axial length, their diameter being made smaller as the 
diameter of the trumpet diminishes. The improvement 

broughtaboutbythisdeviceisrecognizablebyatrainedeax. 

As regards the material of the funnel, a rigid wall is 
desirable for the proper enclosure of the vibrating air 
column, and to this end it should be of heavy metal 
and of thick cross-section. If the trumpet walls are too 
fhin the force of the air expanding as sound will distort 
or swell them, causing them to resonate. (We are 
speaking, of course, of ideal conditions, and manu- 
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facturers, from considerations of weight, etc., must use 
lighter material.) 

The vibrations of the diaphragm are not all imparted 
to the air, but escape into the metal enclosure and thence 
up the metal of the trumpet. It is therefpre a good 
plan to insulate the sound-producing element from the 
trumpet and casing. One manufacturer fits his funnel 
on by means of a rubber sleeve; this appears to be a 
good arrangement. 

Even the best of modern loud-speakers causes a certain 
amount of distortion which I attribute to the free 
vibrations of the diaphragm. If^we could obtain the 
necessary air waves with less amplitude of movement 
at the source, greater freedom from distortion would 
result. Possibly this might be done by employing a 
larger diaphragm, suitably stiffened without sacrifice of 
lightness. 

Alternatively, we can produce sound vibrations by 
other kinds of pressure devices, such as the ** Freno- 
phone.** This instrument consists of a rotating glass 
disc and a steel-backed cork pad resting in contact with 
its surface. The cork is linked to a loud-speaker move¬ 
ment. A telephone receiver presses on the back of tlie 
cork by means of an elastic steel pin. Telephone 
currents, therefore, by operating the receiver, alter the 
pressure of the cork on the glass disc, thereby varpng 
the frictional drag and working the loud-speaker. It is 
beheved that this combination giv^ greater clearness 
in the sound emitted, and the Frenophone may be 
regarded as a step onwards in the direction of the 
perfected loud-speaker. 


THE CHARACTERISTICS OF A NEW TYPE OF LOUD-SPEAKER. 


By Captain P. 

There seems to me to be no doubt that the weakest 
link in broadcasting at the present moment is the 
receiver, and that the weakest link in the receiver 
is the loud-speaker. The British Broadcasting Com¬ 
pany is certainly transmitting on an arbitrary basis, 
but a basis on which remarkably good results can be 
obtained if the loud-speakers are properly designed. 
The problem of loud-speakers is balanced between, 
two ideas t Is the aim to be efficiency, i.e. are 
sounds to be intelligible, or is the transmission to be 
perfect from the point of view of music ? There appear 
to be two absolutely distinct types of instrument: the 
efficient resonant loud-speaker which will fill rooms of 
large size, and the loud-speaker which will be just 
sufficient for an ordinary drawing-room. In the former 
type I think that much must undoubtedly be sacrificed. 
It has, however, been pointed out by one speaker how 
difficult it is to get efficiency and at the same time 


P. Eckersley, 

perfect quality. I propose to demonstrate a loud¬ 
speaker of the drawing-room variety which gives very 
good quality. I feel that it has some qualities that 
no other Igud-speaker has, in that there is a certain 
warmth in the bass. Many loud-speakers are very 
resonant at about 1000 p.p.s. This loud-speaker 
seems to be resonant somewhat lower in the scale, 
and I* think that this is good from the point of view 
of music. A really efficient and perfect-quality loud¬ 
speaker, although it would probably be most expensive 
and consume a very 'great amount of power, would be 
a ^eat achievement. If this meeting helps to bring 
about that achievement I shall feel that it has not 
been called in vain. An efficient instrument is pos¬ 
sible theoretically, and I think that it will come in 
time. 

[Captain Eckersley then dempnstrated on the 
Gaumont-Lumidre loud-speaker.] 
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Discussion at the Joint Meeting of The Institution and the Physical Society of 

London, 29 November, 1923. 


Dr. W. H. Eccles : The loud-speaker of to-day is 
really an immense achievement and does in an almost 
perfect manner what could not have been done 20 or 
30 years ago. ByJ.ts aid the science and practice of 
communication is being revolutionized. It is now 
possible for a single ^oice to speak to millions of people ; 
in every country in the globe jLt must now be realized 
tliat the orator, the politician or the preacher, can 
address audiences of a size that was undreamt of a few 
years ago. This is being done in two ways. In this 
country we have the loud-speaker combined with 
wireless broadcasting to carry the speaker's voice to 
hundreds of thousands of people ; but in America the 
loud-speaker has also been largely developed in what 
is called the '' public address " .system. In that case 
a speaker may be in a great auditorium or hall, or 
possibly in the open country; he speaks in ordinary 
tones to a microphone, and the speech currents are 
passed through amplifiers to a large loud-speaker or a 
series of loud-speakers. By that means an audience 
of 700 000 people gathered on the spot has been enabled 
to hear the speecli. This is bound in due course to 
produce in every .country a profound change in our 
political and social conditions ; the voice carries person¬ 
ality so very much better than the printed word. It 
seems to me that th& loud-speaker will become the great 
rival of the printing press, wliich is not an unadulterated 
blessing, especially in these days when large orgjiniza- 
tions of capital can to a large extent dictate puj)lic 
opinion by means of innumerable journals. Let us by 
all means have something to compete with that, even 
thoi^gh it may be equally liable to fall into bad hands. 
I thought it would be appropriate for me in opening 
the discussion on the teclinical side to point out the 
enormous task that the loud-speaker has to attack. 
Its construction is faced with such exigent demands, 
that one would say in advance that it would not be 
possible to make an instrument to meet the requirements. 
For instance, the periodicity of speech waves varies 
from 100 to 6 000 per second. No engineer attempts to 
make an alternator to operate over such a range of 
frequency. In music the frequency-range is greater; 
it may be from 40 to 10 000 periods per second, but in 
fact the ear is sensitive, in' middle life at any rate, from 
40 to 20 000 vibrations per second. A loud-speaker 
■designed to give •a natural effect must be capable of 
some such range as that. In addition, the loud-speaker 
wliich is to* satisfy the ear must have an enormous 
range in the energy of the air pressures. The air 
pressures in ordinary speech have been measured, and 
"they range from the one-tliousandth part of a dyne per 
square centimetre to 100 dynes per square centimetre. 
In other words, a loud-speaker to give a natural effect 
must be capable of producing a range of pressures about 
a millionfoldi Again, the minuteness of the energy 
stream is very surprising; in a quiet room every word 
can be heard at,several yards’ distance if the speaker 


pours into the ear «>f the listener a volume di sound 
equivalent to about 10”^ watt. Witli an orchestra it 
is estimated that the ratio of power required between 
fortissifno and pianissifno is 50 000 to 1. Speech is 
quite intelligible if the sound is 100 times that which 
leaves an ordinary speaker’s mouth, or even if it is 
one-millionth of that power, i.e. a ratio of 10® to 1. 
This can be emphasized in the fdllowing manner: 
Suppose that a loud-speaker on a building emits sounds 
of an energy of 1 kW. At three miles, speech would 
be easily intelligible by the unassisted ear, supposing 
the ear to have an effective area of about 1 cm- for 
receiving direct-energy air waves. If an ear trumpet 
were used wliich would collect the energy falling on 
1 m^, then speech would be intelligible at a distance of 
200 to 300 miles. That shows how very sensitive the 
ear is and how much it expects. If we find that the 
human voice, the lar 3 aix and other organs, can make 
these variations of great ran|;e of power and freqimicy, 
we ought to be sufficiently encouraged to say that 
mechanism will, no doubt, in time be evolved to do 
the same. It has, in fact, been evolved. Or we ought 
to say that if the mechanism of the middle ear can work, 
it should surely be possible to make a machine that will 
perform similar feats, seeing that the problem is a 
physical one and not a physiological or psychological one. 
That task has been largely accomplished in the past 
few years. The Western Electric Company’s laboratory 
in New York has probably done more than any other 
laboratory in the work! to accomplish this task, and I 
tliink that it will be useful to make some reference to 
the work that has been carried out there. Their public 
address system takes speech energy into a microphone, 
and the currents in that microphone represent an 
energy of about 10"^® watt. After being amplified 
they finally reach the loud-speaker. The loud-speaker 
responds excellently between 200 and 1 600 periods 
per second, and the electrical energy put'into it is 
40 watts. This represents ft ratio of magnification 
of 4 X 10® to 1. The result is so good that the voice 
coming from the loud-speakers in an open space, if tlie 
listener is the correct distance away, is indistinguishable 
from tlie voice of the person speaking. Now we have 
to compare what has b€ien accomplished with what 
has been said in the various papers read during the 
meeting. It seems that there are three points to be 
considered in improving loud-speakers. The first is 
that we require to amplify all frequencies equally, 
or substantially equally, even over a wide range. In 
addition, tlie instrument must work in such a manner 
as to give the energy to the air equably. The second 
is that it must not introduce as 5 nnmeiTical distortion, 
Helmholtz in liis ” Sensations of Tone,” in discussing 
the human ear points out that it is a diaphragm which 
is heavily loaded on one side with the bones in the 
inner, ear. He sets down two differential equations, and 
deduces the rather surprising fact that the asymmetry 
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introduces ‘^larnionics and combination-tones. If one 
has those in a loud-speaker, i.e. if one has a diaphragm 
which is acted upon very unsymmetrically and responds 
to equal currents in opposite directions with unequal 
movements, then these combination tones will be 
obtained. That is what I call the second difficulty in 
the design of loud-speakers. Tlfe third difficulty is 
that impulsive sounds produce damped trains of oscilla¬ 
tions of the diaphragm. If those are not rapidly damped 
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out they provide another source of trouble. In con¬ 
clusion, I should like to say that it is surprising to think 
that the efficiency of a loud-speaker reckoned in the 
ordinary way, i.e. the ratio of the electrical power 
which is put in, to the mechanical power which is got 
out, is only about 0 • 1 per cent. If that is so, it seems 
to me that the improvement of the efficiency of the 
loud-speaker is the next task confronting the investi¬ 
gator and designer. 


Adjourned Discussion at the Joint Meeting of The Institution and the Physical 

Society of London, 14 February, 1924. 


Sir Richard Paget; I entirely agree with Mr. 
Sutherland that audibility is a matter of precision of 
aural resonance rather than of amplitude. For ex¬ 
ample, whispered sounds can be heard, as I have 
experienced, over long distances and by large audiences, 
provided they are whispered properly so that the re¬ 
sonances are clear. Many of the human speech sounds, 
especially the consonants, are really essential transients. 
They depend not upon any one group of resonances, 
but'‘Upon how those resonances are changing. In 
other words, we recognize the shape of the frequency¬ 
time curve for that particular sound. Take, for 
example, the consonant sounds in t,^^ p ” and 
kee.’' Those sounds differ only in the shape of the 
curve of approach of the resonances to the ultimate 
resonances of the vowel sound ee.” Similarly, the 
consonant in “ la is essentially a transient, and if 
we extend the time curve of the resonances of that 
sound we get what is practically a diphthong. The 
“ 1 “ sound is entirely lost to our ears and it becomes 
merely a succession of vowel sounds. From that it 
would follow that the ideal reproducer must be sensi¬ 
tive to frequency changes and, as Mr. Pocock points 
out, it must be free from any resonances which would 
cause this or that component to linger beyond its 
allotted span. On the question of imitation which 
Professor Rankine raises, it seems to me important 
that what is given in that imitation shall be true. The 
same applies to painting ; it does not matter how much 
an artist leaves out as lorig as he does not put anything 
in which is wrong. Further, the scale of magnitudes 
may be fundamentally altered without the faithfulness 
being apparently affected. A constant component, e.g. 
the scratching of a gramophone needle, is permissible, 
provided it is not too loud. Ultimately the ear be¬ 
comes accustomed and ignores that. An interesting 
example was given of the ability of the ear to take 
certain con^onents for granted, in Dr, Eccles's experi¬ 
ments for producing artificial vowels in a telephone 
by means of electrical resonance. Dr. Eccles produced 
quite recognizable successions of vowel sounds by using 
only the upper components of my vowel chart, and the 
human ear filled in the lower resonance, provided that 
the upper resonances were not ambiguous. As to 
horns, the vice of these seems to me to lie, not in the 
fact that the horn possesses resonances of its own, but 
that it gives them an exaggerated importance when 
they come along in the ordinary course of speech. 


Mr. Sandeman's Fig. 1 refers, as I understand it, to 
syllabic articulation as a whole. If that chart had been 
limited to the syllabic consonants, such as “ s,^' z 
^'th,'^ ”dh^U' “p/’ "b’U* “k’^ and 

“ g,” his curves would have indicated that a much 
greater importance is to be attached to frequencies of 
between 2 000 and 3 000 as the lower limit, and 6 000 
or 7 000 as the upper limit. For instance, in my own 
voice s has a principal resonance of over 6 000; 
” sh ” has a principal resonance of over 3 000 ; " f 
has a component of between 5 000 and 6 000 ; while 

th has a component of between 2 500 and 3 400, 
varying with the vowel with which it is associated. 
Similarly, ** k has an initial resonance of something 
like 3 000, and '' thas a resonance of between 3 000 
and 6 000. On the other hand, some of the nasal 
resonants are down below 200. V7e have therefore to 
deal with a rather long and formidable range of re¬ 
sonances. Now a word as to amplitude. In ** t/* 
“ dr” ” p,” ” b,” ” k ” and " g ” the difference between 
each of those is only, qr almost only, one of relative 
amplitudes. The resonances themselves are practically 
the same. The reproducer must therefore be faithful 
also to rapid changes of amplitude as well as to rapid 
changes of frequency. It is the high frequencies and 
the rapid transients which form the difficulties of speech 
and the difficulties of interpretation. The system must 
therefore be sensitive, not merely to those frequencies 
from 2 500 up to about 6 800, but also, for the sake of 
the vowels, from 200 up to 2 600. I feel confident 
that if faithfulness of that type can be obtained the 
amphtude may be enormously reduced without loss of 
intelligibility. 

Captain*'B. S. Cohen : As an independent observer 
who has had occasion to test many of the different types 
of loud-speakers on the market, I may perhaps be 
permitted to make a few remarks on^the present state 
of the loud-speaker. At a meeting of this Institution 
in the early 1900's Sir Oliver Lodge demonstrated 
his hornless loud-speaker, which consisted of a moving- 
coil electromagnetic system coupled to a wooden 
diaphragm, and I think it will be agreed that the 
articulation of that device was of a very high quality. 
A small number of loud-speakers of the present day 
are operated on this principle, but Lodge's thin and 
large wooden diaphragm is presumably considered 
uncommercial and its replacement by a metal diaphragm 
and the addition of a horn has not been particularly 
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advantagtions. The great majority of proseni-tlay j suggest us a very fruitful field for experiment the 
loud-speakers have diaphragms of the usual pattern, j combination of three or four loud-speakers used 
either magnetic and operating direct on the magnetic j simultaneously and each tuned to exaggerate slighUy 
[K)les or, in the largest types, linked to an armature. | a different portion of the audio .^eclnmi. It is obvious 
In spile oljProfessor Scripture’s dictum that a diaphragm ! that the frec|ueucy/amplitude characteristic of loiul- 
is unsound, as it is bound to produce a distorted wave- speakers, and indetd of any telephonic apparatus, is 
front, and that the correct device is a stiff piston, very of fundamental imfiortance, and apjiaratus for the 
few attempts have been made in this direction. Novel measurement of this characteristic is becoming essential ’ 
types of loud-speakers unfortunately have, so far, in the research lalmratory. I have brought to this 
generally produced «iovel types of articulation, i.e. novel meeting some apparatus which has?been devidoped for 
to tin* received w'ave-form. <, 1 should like to supple- i this purpose ami I shall now describe and deuunKstratc 
ment what has alnddy been said regarding the fuuda- i it. The device ‘consists of a heterodyne oscillator 
menial basis operatiim. >'o get perh?et articula- j and liigh-frequency amplifier coupled to a detector, 
tiou w'c retpiire our loutl-speak<?r to have uniform : h)w-pas.s lilter and audio-frecpietic;^ simplUiur. 'riie 
frequeucy/ainplitudc characteristics, and I w'ould <iefine j combination gives a coiistaul output over tins audio 
the perfect loud-speaker as one having a ratio of acoustic range of about r»h 5 tlOO periods, and the whole range 
output to acoustic input of unity at all amplitudes j is tdilainerl by rotating an air condenser through lH(f. 
and at all frequencies and combinations of frequencies. ! This condenser is placetl in a Uglitdight box jmivicleil 
The volume is of consitlerabUi importance, us a perfect i wdth a shuiler and lias a cyliiuUs*, carrying nc*galive 
reproduction of, say, an orchestral piece with a volume, paper, attached to it. if the frequeucy/uinplitufle 
however, of only l/i<M)ih tlu^ origiiml wtudtl be of liuk; characteristic of a loud-speaker, for example, is to be 
artistic and realistic value. We can produce wirt?less obtained, the kmtl-sfioaker is fed from tlie oscillator 
receiving um])liliei*s with combinations of radio, dettHdor ami its output recorded on the negative papcT by a 
and audio stages which give very reasonably uniform i non-resonaliiig microphone transforming tln^ teccivetl 
fret|uency/amplitutle characteristics, and we can ilo tin* ' sound inlo currait and recording on the negative prqier 
same f<ir wire telephony with combinalitms of loaded j by means of a suitable galvanomeU*r. 'fhe rotation 
lines, tilters and audia-freriuency umjdititn’s, VV<‘ can ; of tint coiulenst^r ilial by hand through IHO“ produces 
also employ in both cases transmitting apparatus that ; the complelo freipiency/atnplitude charactmistic «)f the 
w'ill very fairly follow the freqiiency/mnplitiide | apparatus under test, (knistani oiilpul is obtained 
characteristics of the applied sounds. Ihit what can ! by using variabh^ resistance and inductance coinbina- 
we <lo with the loud-speaking rectuver } We lum lions for cmqdiug tin? audio-freiiuency amplilier. 
tune out tliqmore pbiiuinent harmonics by mechanuul i ji'aptain (*ohen then gave the following deniimstra* 
motlhicalions of the moving system, by aruustic modi- > lions: (1) Output: of oscillator and its amplilier to give 
ficatiouin the air chamber.s above* and below the ii»oving j constant fre<juency/ampliiuile charatterislicss; (2) out- 
system and in the horn, and, lasUy, wn can apply Hec- j put of an ordinary fornuif tvvfi-stage iransformer-couphd 
trical tuning to the loud-.speal«;r in the form of rejector | audio-frequency amplilier, with %'ery small output at 
circuits and lilters. Jhii all these devices, if pusln*d to | low nml high freqnimcii*s ; ami (H) moiioiiul impedance 
the point of protlucing a true uniform freqmnicy/ampli- j component of a Inml-speuker imlicaled by horn elfecl 
tude characteristic, rttsult in the lomUspeaktn* {lelying | utitl hand etf(*ci at n^soiianee points. [ 
its name ; in other words, tliere is tm reascmable audio ■ Mr, CL IL Nash : 1 should like, to put forward some 
output, and the devietjs above referred to can only | prmttical considerations in <;onnectinn with a funda- 
bef used to tho extent of elfec.Ung slight iinprovenumts. j mentally important part of any loud-.speaker, i.e. the 
In some cases it is reasonable to infer that the use of j coupling btd.ween the vibrating iiUHihunical system and 
a receiving amplilier with a uniform output wall result, j the air. iVoFessor Kaukiiie mnarks: ** Of fuirns 1 
with a particular type of loud-speaker, in considerably j will n^xy no niorii than that ihffy fiiight, if fit all possible, 
more distortion of the blasting form than when a | to be dispensed with , , • hocausti of tlieir rc?sonant 
non-uniform audio-frequency amplilier of, say, the | character.’' Captain lickersley, also, has rlemonsirated 
transformer-coupled type is utili/.ed. Thus, if a knuF I a huid-speaker having a hirg<i diaphriigm and no horn, 
speaker has a prominent resonance point at^ say, 2b0b ; ami lias claimed that this receivtir liring.s out Ihc lower 
periods, and a non-uniform amplifier with a Hat peak ; tomm so often lacking in other loiicl-sjKsvkers. Let 
at, say, 1 600 periods is u.sed, this tnight give more | us consider the large diaphragm, it is juluneaitly an 
articulate outpnt'^than a uniform-output amplifier, and inefficient arrangennont; it lias great tnechanical 
will certain^ give a very considerable sound output, impedance directly coupled to smull air^impitdance. 
All this indicates the importance of fitting the loud- It is true that recteivers of this type bring out the low 
speaker to the amplifier, and in tlie very few cusas frequencies very well, but the diaphragm coupling is 
where this is deliberately done the rc.snUs are of a very actually less efficient at l<nv frequencies than at high 
high order indeed. Many loud-.speaker and amplifier frccpiencics, ancl a good iow-froquency output in practice 
combinations which give fairly uniform output from, is achieved by having a low resfunuHte point. Such a 
say, 600 periods upwards, and therefore are very articu- receiver therefore pdssif.sscs as «uu:h resonant properties 
late for speech, give a colourlc.Hs tonal quality to music as a horn receiver ; in fact, the low frequencies arc over- 
in consequence of the rapid falUng-off in output at done and the damping is so low that crisp, staccato 
frequencies below 600, and this is a point to which effects are Sjioiled. The reproduction of low frequencies 
I think serious attention should be drawn. 1 would is not therefore an intrinsic virtue of the large diaphragm ; 
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in fact, the same result can be secured with a horn 
if the diaphragm behind the horn is loaded sufccientty 
to have a low resonance frequency. Somethmg 
be done on the principle of the large diaphragm, if it 
were not inherently inefficient. Experimental work 
indicates that the wave-forms of speech or i^usic have 
peaks somewhere between 5 and *10 times the R.M.S. 
value, and in music there occurs also a wide r^ge 
of intensity; this means in practice that for the best 
results the last valvS in the amplifier should have fairly 
low impedance and should be used with about 6 volts 
on the grid and 100 volts or more on the plate when 
an efficient loud-speaker is used. The use of an in¬ 
efficient instrument, such as the large-diaphragm t 3 ye, 
requires not only that more valves must be used, but 
that the last one must be capable of a greater output 
of undistorted power. Now consider the horn ; it is 
physically a scientffic and proper coupling between the 



impedance of the mechanism and the air; its only 
fault lies in the necessity of compromising between 
a length that would be ideal and a length that is 
convenient. Let us see how serious the reputed reson¬ 
ance efEects of the horn really are. Fig. A shpws the 
calculated sound-power output from a large weightless 
diaphragm for varying frequency when a constant 
force is acting. The upper curve shows the output 
from a horn of reasonable length, having the same 
diameter at the large end as the diaphragm and with 
the same force supposed to be acting at the small end. 
It will be noticed that the given force produces about 
160 times as much power through the horn as it does 
when applied direct to the diaphragm, and the resonance 
effects of ttfe hotn are really not at all important. It 
has been well established that distortion within the 
limits indicated by the dotted lines is quite negligible, 
and’ the resonances of the horn are seen to be well 
within these limits. Further, the resonances can be 
reduced in amplitude and the output at low frequencies 
increased by using a longer hem. I contend, therefor , 
that horns are by no means to be discarded ; on the 
contrary, they must be used if good results are to be 
obtained with a reasonable number of valves of reason- 


able power, and if a bom is properly designed it do^ 
not introduce serious distortion, and is not responsible 
for distortion efiects for which it is often blamed. 

Captain H. J. Round : If we take any microphone 
and attempt to magnify the resulting currents, we 
are very quickly led to recognize the Umitations of 
the amplif 3 ring apparatus. A valve ampMM can be 
stated to have certain peak-voltage limits. Distorhon 
in a valve is generally produced by two effects; tue 
curvature of the plate current chasracteristic, and tte 
voltage-drop due to the ^id current; and in order 
to exclude these the peak voltagfe of the microphone 
current which have to be magnified must not exceed 
certain values. By increasing the size and power of 
the valves we can increase this voltage limitation, 
but there is one place in the ssrstem in which this 
cannot be done economically, and that is the place 
where the maximum power is used, namely, in the 
wireless transmitter itself. The consideration of the 
effect of this is exceedingly complex. The natural 
sounds which we desire to transmit have all sorts of 
peak amplitudes, at all sorts of frequencies, hut I shall 
now only consider the question of what basis to adopt 
for transmitting these different fr^uencies. The 
difficulty is ttiis: Suppose we have a microphone which 
can deliver voltages at the end of onr ^plifier for all 
frequencies proportional to air amplitude, or pro¬ 
portional to air pressure, or proportional to some 
arbitrary scale. What would be the result ? It will 
be admitted that, provided the law were known and 
moderately simple, we should merdy have to apply 
at the receiving end an inverse to reproduce the original 
sounds, if no other considerations such as wireless 
interferences, etc., entered. Unfortunately, however, 
they do enter: the adjustment of the* microphone 
may be such that the low notes occurring in nature 
produce 10 volts, whereas the high notes produce 
0*1 volt, so that our valve transmitter will be ffuUy 
used for the low notes and used hardly at all for the 
high notes. This is very important at the receiving 
end, for really we are getting 1 kW, say, for middle^C 
and 0-001 kW for the piccolo. Admittedly, given 
no atmospherics and no valve noises, tins difficulty 
can be overcome, but in general these interferences 
will be of the same amplitude at all frequencies, and 
we should have the same ability to hear all the frequencies 
over the interferences. What exactly does this mean ? 
On the microphones and amplifiers in use now, it is 
possible to* make a very large number of changes in 
the way the frequencies are represented. Experi¬ 
mentally, I have tried a large* variety of sounds such 
as orchestras, singers, speakers, etc.,'‘and I have set 
the microphone adjustments so that on a variety of 
ordinary receiving apparatus, such as telephones and 
loud-speakers, the results are loudest and on an average 
satisfying, and I have then measur^ what my imcro- 
phohe is doing. Very approximately equal amplitude 
of modulation is being given to the transmitter from 
’ 200 frequency to 6 000 frequency for sounds of unity 
audibility, taking as a standard the average of a 
number of observers. What. one might call the tilt 
of the scale has to be altered a little for various situa¬ 
tions, . such, as difierent rooms; but in face of other. 
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serious difficulties, which I shall mention, this is a 
small matter. The sound experts will certainly object 
to unity audibility, but actually it is at the moment 
the easiest thing to get without complex apparatus. 
They will^dte the recent work of Fletcher, published 
in the Journal of the Franklin Institute, on the masking 
effect of low tones on high tones, the meaning of which 
is really that no complex tones ever sound the same 
unless the strength remains the same to one’s ears. 
This masking effect 4s extremely marked and at present 
prevents any attempt to get a perfect reproduction 
with a different strength from that of the original. 
I shall now refer to the use to which we put this. I 
have a very simple piece of valve apparatus which 
will deliver pure notes at any frequency and amplitude. 
I insert these currents into my telephones or loud¬ 
speaker and I plot a curve between voltage applied 
and frequency for just audibility. Curve 1 in Fig. B 
represents one of these curves for a pair of quite ordinary 
telephones, and the resulting effect on audibility 
(neglecting masldng effects) is illustrated in curve 2. 



The meaning of 4:his is as follows : 2LO, received by 
a receiver in which there is no appreciable electrical 
distortion, on those telephones would give audibilities 
for the different frequencies as represented in the 
curve, instead of equal audibilities. If we try an 
experiment with that particular pair of telephones 
and insert in series with them a sufficiently damped 
rejector circuit so as to flatten out that curve very 
considerably, although we shall have reduced the 
total noise we shall quickly understand ‘what fine 
quality we have missed without it, and we can increase 
the total sound much more than before without hurting 
our ears. Moreover, that annoying room echo in 
some transmissions is considerably reduced. Probably 
before long it will be possible for the National Physical 
Laboratory or the British Broadcasting Company to 
give us a frequency strength standard and then the 
difficulties of obtaining the audibility curves of our 
receivers will be less. I have taken up this question 
of what is being transmitted, and a simple case of its 
action on a telephone, to show those who are designing 
telephones and loud-speakers what the input is with 
which they have to wbrk. 

Mr. W. J. Brown: At the last meeting Prof. 


Fortescue drew attention to the necessity for using in 
the last stage of an audio-frequency amplifier a valve 
of considerable output, operating at an anode voltage 
of the order of 200. From thg point of view of the 
broadcast listener the extra expenditure involved by 
the use of such high anode voltages is a serious item, 
while the use of a valVe having a large electron emission 
causes an undesirable drain on the filament batteries. 
Hence it is of great interest to know exactly how much 
power a given valve operating at a*given anode voltage 
is capable of delivering to an output circuit such as 
a loud-speaker without introducing distortion in the 
valve; this may be termed the “ maximum distortion¬ 
less output.” In this connection th^ orthodox power 
rating of a valve is extremely misleading; for instance, 
a so-called 20-watt valve will be found to have a maxi¬ 
mum distortionless output of only 0*01 to 0*1 watt, 
using an anode battery of 120 volts. In course of 
time, valve manufacturers will probably state the 
exact amount of power which their valves are capable 



of handling without distortion when operating at some 
standard anode voltage, but at present the user of a 
valve has to make his own calculations and I propose 
to develop a very simple formula whereby the maximum 
distortionless output can be calculated. The method 
has probably been used befoi^, but apparently has not 
been published. The following assumptions are made : 
(1) That the output circuit is purely resistive—this, 
of course, is by no means true, but the case of reactive 
loads will be considered later. (2) That the wave¬ 
form is sinusoidal. Though this, strictly, is onl^^' 
applicable to the case of a sustained pure note, the 
formula will apply equally well for comparative purposes 
to any wave-form. Suppose that the anode battery 
voltage is and that the thick-line curve in Fig. C 
represents the (anode current)/(grid voltage) charac¬ 
teristic of the valve at this voltage. Choose now 
a value of grid bias, say, OA. This gives the 
operating point B on the characteristic. If the a.c. 
voltage applied to the grid has the magnitude indicated 
in Fig. C, the operating point will move along some line 
such as CBD. The anode current will vary from 
to ifnax.* while the anode voltage will vary from E^^^ 
to resistance of the valve. The current 



290 


DISCUSSION ©N 


will attain^its maximum value at point D at the same 
moment as the voltage reaches its minimum value. 
The a.c. power delivered to the resistive output circuit 
is obviously equal to '(he product of the R.M.S. anode 
current and the R,M.S. anode vol'fcage, the alternating 



components only being considered. When the valve 
is working along the line CBD this power is equal to 

2V2 2^2 

^min){^max. ^min) 

By increasing the length of 'the line CBD we can 
increase 'the power ou'tput. In practice, the length of 
this line is limited, at 'the left-hand end on account of 
curvature of the characteris'tics, and at the right-hand 



characteristic. 

end on account of grid current. In Fig. D the line KL 
is drawn to indicate the highest grid voltage we may 
attain without serious grid-current distortion, while the 
line MN indicates 'the minimum anode current attain¬ 
able -wi-thout curvature distortion. In Fig. D, KL has 
been drawn through zero grid voltage, while MN has 
been drawn through the bottom of the substantially 


straight portion of the characteristic. For maximum 
distortionless output, the extremities of the line CBD 
will lie on the lines MN and KL respectively. The 
problem is to find the conditions for maximum power, 
and then to calculate the power output upder these 
conditions. As shown before, the power output is 
proportional to (I^iax. “ other¬ 
wise to {Imax. — ^min.) ^min) 



Fig. f.—C orrection factor for formula 
Max. distortionless output — i(Eo — Eh'){^EO '**- cos^. 

is proportional to GD in Fig. D, while — I min 
equal to DN. Hence the output is proportional to 
the product of GD and DN. Since the sum of GD and 
DN is constant, the product, by a well-known theorem, 
has a maximum value when GD = DN. If a is the. 
differential anode conductance of the valve, then GD 
on the current scale = a{JS?o -- ^min) *“ 



Fig. G.—Output and amplification curves of typcal power 


‘ valve. Anode battery voltage 120. 

while DN = {Imax. ~ ^min) same scale. The 

condition for maximum output is therefore 

^max, ^min. ~ i^i^max. ^min) 

But equals the resist^ce 

B of the ou'tput circuit. Hence R 5 =^ Ja is the required 
condition. In other words, the resistance of the output 
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circuit must be so adjusted that it is twice the anode 
resistance of the valve. We will assume that the 
output resistance is adjusted to this value, and proceed 
to calculate the maximum distortionless output under 
these conditions. Returning to Fig. D, let l^o be 
the anode current at normal anode voltage Eq and at 
the limiting positive value of grid voltage (in this case, 



Fig. H. —Impedance/frequency curve of loud-speaker A. 
Testing current 2* 0 mA; resistance 49*25 ohms at 20°C. 


zero grid volts). Let be the minimum anode 

current permissible from curvature considerations. 
Let be that anode voltage which is required to give 
an anode current of \(1Eq -h I^in) working at the 
limiting grid voltage. This is, in fact, the particular 
value of which brings the point D midway between 



Fig. J.—Impedance/frequency curve of loud-speaker B. 
Constant current cw 2 * 6 mA. 

« 

points G and N. The maximum distortionless output 
obtainable is then 

^min) (^max, ^min) 

\ = i(-^0 ““ ^min.) 

But == ND= JNG = iilEo - and 

Hence maximum distortionless out¬ 
put = 1{Eq — Es) {Ijso — ^min) • Having chosen Eq the 
anode battery voltage, the remaining three quantiti^ 
IEq, Ifnin: and E^, may be read directly from the 
(anode volt)/(anode current) curve, taken at the limiting 


value of grid voltage, as shown in Fig. E.’ We read 
off IjsQ directly from the curve, at the point corre¬ 
sponding to Eq, while Ifnin. selected from curvature 
considerations. E^i is the length of the abscissa corre¬ 
sponding to the current 1(IEq -j? No other data 

are required, so that the method has the advantage 
of extreme simplici1?yr. The problem of an inductive 
load is more complicated and there is not time to work 
it out here. The line CBD of Figs. C and D becomes an 
ellipse, and we find that the mai^mum distortionless 
output is approximately equal to the expression obtained 
for the resistive case, multiplied by the power factor. 
•The formula thus becomes ^{Eq — J^^) (IEq — 1^^^ ) cos <f). 
In other words, the maximum distbrtionless output 
expressed in volt-amperes is more or less independent 



Fig. K.—^Impedance/frequency curves of loud-speaker C. 
Constant current = 5 mA. 


of the power factor. Strictly speaking, the figure 
obtained is rather more favourable for low power 
factors, and at power factors in the neighbourhood 
of zero about 14 per cent may be added to it. Fig. F 
shows the correction factor plotted against power factor. 
It is interesting to note that the output impedance 
must be equal to twice the anode resistance in order 
to obtain maximum distortionless output. On the 
other hand, the condition for maximum power amplifica¬ 
tion is met by making the output impedance equal to 
the anode resistance. Thus we caimot have maximum 
distortionless output and maximum arnpHfication at 
the same time. Fortunately, the impedance adjust- 
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ment is not very critical. Fig. G shows the relative 
importance of the impedance adjustment for the two 
cases; tliis refers to a valve of 5 000 ohms anode 
resistance. Table A shows the output and amplification 
obtainable from three^ typical loud-speaJcer valves for 
the two optimum valves of impedance, using an anode 
battery of 120 volts. The very loV value of the output 
figures will be noted: they vary from 0*27 to 0*086 
watt, though the orthodox rating of these valves is of 
the order of 10 waCts. In practice, the adjustment of 
the impedance of the loud-speaker to suit that of the 
valve is carried put by using an output transformer of 
suitable ratio or by suitably adjusting the windings of 
the loud-speaker. Only a very rough approximation 
can be made, due to the very wide variation in impedance 
of the loud-speaker as the frequency is altered. It is 
thus fortunate that the adjustment of this impedance 
to suit the valve is not very critical. Figs. H, J and 
K show impedance/frequency curves of t 3 q)ical loud¬ 
speakers and illustiute the amount of variation which 


effect on the human ear. Unfortunately, sufficient 
data for this are not available. It is, however, desir¬ 
able to consider some of the acoustic determinations 
which enable us to appreciate the range of the ear and 
the way it behaves, and especially to consider those 
which throw light upon any side of the question of 
distortion. In normal conversational speech the pres¬ 
sure amplitude in the sound waves at 1 ft, from the 
mouth appears to be about 1 000 times as great as the 
minimum necessary for audition, amd about 1/1 000th 
of the maximum that can be reached before tickling 
sensations and pain supervene irT the ear. The total 
range of audible amplitudes is thus about a million¬ 
fold. It assists in appreciating these figures to note 
that persons not ordinarily called deaf may require up 
to 100 times the normal threshold value, and those 
who need a further hundred-fold increase are suffi¬ 
ciently deaf to require an ear trumpet. With respect 
to the capacity of the ear for detecting differences of 
loudness, it just discriminates between two successive 


Table A, 

Maximum DistoHionless Output in Milliwatts, and Power Amplification Factor in Microwatts per 

{Crest Grid Volt)^. 


(!) With output circuit impedance adjusted for maximum amplification, (Z = Ifa), 

(2) With output circuit impedance adjusted for maximum distortionless output, (Z = 2/a), 


Valve 

Z « 1/a 

2/a 

Z 

Amplification 

Output 


Amplificatfon 

< Output 


ohms 

/tiW/Va 

mW 

ohms 

/iW/Va 

V 

mW 

A 

4 720 

802 

68 ^ 

9 440 

713 

86 

B 

8 350 

488 

39 

16 700 

434 

44 

C 

10 300 

392 

' 27 

20 600 

348*6 

i A 

30 


may be expected. It will be noticed that these curves 
have very pronounced peaks, and each peak corresponds 
closely to a frequency at which the loud-speaker 
resonates. In fact, this'^forms a very simple method 
of detecting the resonant frequencies of a loud-speaker. 
Returning, in conclusion, to the calculation of the 
maximum distortionless output of a valve, the formula 
deduced—and indeed any formula—^would depend on 
the values chosen for the limiting maximum grid voltage 
and for the limiting minimum anode current. These 
values can best be found by aural estimation, using 
a cathode-ray oscillograph for determining the limiting 
values reached. Prof. Fortescue has shown some 
cathode-r:ay oscillograms representing amplifier distor¬ 
tion. It would be interesting to hear whether he has 
investigated the amount of distortion, particularly of 
the grid current and of the curvature varieties, which 
may be introduced into an amplifier without detection 
by the human ear. 

Mr, A. H. !Davis : Given physical measurements 
of the output of loud-speakers, it remains for us to 
interpret th^ meaning of the results in terms of the 


notes of the same pitch when the amplitudes of vibratJbn 
differ by 6 per cent. Thus equal increments of sensa¬ 
tion result from equal increments in the logarithm of 
the stimulus. It is thus useful to plot intensities 
logarithmically. The figure of 6 per cent is, however, 
increased for faint sounds. It is found from these 
data that the million-fold auditory range can be covered 
in not m<5re than 270 steps of increasing loudness, 
each one just perceptibly louder than the former, A 
two-fold amplitude change is equivalent to about 
14 such steps, a hundred-fold to 94.* The loudness of 
speech has some bearing on its distinctness, which is 
best for the medium level (1 dyne/cm^) of*normal con¬ 
versation, Ten-fold increase or decrease in amplitude 
is almost without effect, but decrease to 1/100th reduces 
articulation by about 60 per cent. We find that con¬ 
sonants are more seriously affected than vowels by 
reduction of speech intensity. As stated by Sir Richard 
Paget, some of them are carried by very high 
frequencies, and in ordinary conversation 60 per cenf 
of mistakes of int^retation can be traced to three of 
them alone. In' these circumstances, and seeing that 
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experience leads public speakers actually to emphasize 
their consonants, it is surely unfortunate that loud¬ 
speakers become weak at high frequencies. It must 
surely limit their use in acoustically dilhcult conditions 
unless thet electrical system is designed to effect some 
compensation. With further reference to speech, the 
falling off of loud-speaker efficiency at frequencies 
less than 300 should have little effect on distinctness, 
but some change of character or raising of the pitch 
is to be expected. *rhe normal male voice has a very 
pronounced low-pitched constituent of frequency about 
120, and the female voice has one about an octave 
higher. To reproduce speech and to preserve all its 
characteristic qualities, frequencies from 100 to above 
5 000 must be delivered with approximately the same 
efficiency. The amount of distortion permissible in 
reproduction of speech or of music will naturally depend 
upon circumstances, and no accepted criteria seem to 
be available. ITowever, judging from threshold values 
—and there is some evidence to indicate that we may 
do so—there are certain imperfections in individual 
ears which probably set a limit beyond which accuracy 
of reproduction need not be carried. It is found 
that, although the average of several normal ears has 
fairly smooth sensitivity over the frequency range, the 
threshold sensitivity of a normal individual ear is not 
uniform, but exhibits maxima and minima at various 
frequencies peculiar to that particular ear. In a 
typical case, from two-fold to six-fold variations occur 
as the frequency range is covered. Different indi¬ 
viduals have quite ^lifferent characteristics, so that, 
apparently, music does not sound the same to different 
persons. Consequently, while the effect of distortion 
within, say, a two-fold limit might be detected, probably 
there would be divergencies of opinion as to whetSer 
improvement in quality had b^en effected. The minor 
peaks^and resonances exhibited by the best loud-speaker 
curves appear to fall very near to the minimum thus 
indicated as the least distortion that normal individual 
ears could fully appreciate. 

IVIr. A. J. Aldiddge : I wish to give some quantitative 
information in regard to the ordei*s of magnitude 
occurring in loud-speakers, and to draw attention to 
a fundamental error which appears in many commercial 
instruments. Fig. L shows the diaphragm motions of 
a number of commercial loud-speakers operated with 
different inputs. The first point to be noticed is the 
very small extent of the mot,ion. An averagp of about 
0*05 watt in r4ost loud-speakers will give sufficient 
volume comfortably to fill a normal private dwelling 
room, though this, does not mean that this figure may 
not be considerably increased on individual notes. 
The correspcmding diaphragm motion is usually less 
than J mil. Curves {a), (d) and (e) are for instruments 
constructed on the lines of an ordinary receiver, i.e. 
with a plain iron diaphragm. It will be noticed that 
the inwards motion considerably exceeds the outward 
for the same input [in the case of {e) by 30 per cent, 
with an input of 0-05 watt]. This means that very 
serious distortion, producing harmonics, will occur, 
and would appear definitely to bar this type of instru¬ 
ment for accurate reproduction for any but small 
inputs. Curve (d) is for a moving-coil instrument, 
VOL. 62. 


and curve (c) for one with a balanced armature. The 
apparent greater efficiency of this latter model is probably 
due to the method of test. Direct current was used, 
and this makes no allowance ior unavoidable losses 
due to slight slackness in the linkages used in this type 
of instrument. I l^ave intentionally omitted any 
mention of resonance, which is dealt with by other 
speakers, but in selecting a loud-speaker it must, 
of course, be considered. Resonance is undoubtedly 
serious, but can be corrected, whereas the fault to which 
I have^ referred would appear to be only capable of 
correction by the use of a larger diaphragm and smaller 
motion, or the use of a larger air-gap, with corresponding 
increase of power. ^ I think that insufficient attention 
has been paid to irregular diaphragm motion, which 



Fig. L.—Diaphragm movements in loud-speakers. 

probably accounts for much of the faulty reproduction 
and poor tone appearing over the whole gamut of 
frequency unless very small amplitudes are dealt with. 

Captain N. Lea : Prof. Rankine draws attention to 
the danger of reaction complications when a forced 
vibration begins to influence the form of the forcing 
vibration. The possibility of this happening in the 
mechanical parts of the syste^i has probably been less 
obvious to those engaged in wireless research than that 
it should occur, for example, in the last stage of a 
thermionic amplifier. Prof. Rankine points out in 
his concluding remarks that in testing results it is 
not much use to attempt to obtain simultaneous visible 
records of the sound source and sound image (if one 
may use such an expression), because of the difficulties 
of attaining exact results and interpreting them in 
their audible equivalents. .Nevertheless, m view of 
the fact that, as we approach more and more to fidelity 
of reproduction, audition becomes an increasingly 
difficult test to apply, I think that the process of feeding 
sensibly pure sine oscillations into the apparatus under 
test, and of watching the results by instrumental means 
as the frequency of the oscillations is varied, must 
always be followed. .Prof. Fortescue has described 
some of the difficulties of amplifier design, but he has 
not exaggerated them because he has taken no account 
of the limitations imposed upon any design intended 
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to cater for the domestic user. It is^ for example, 
impossible to expect the music-lover to fill his house 
with high-voltage batteries, and it is taking some time 
to persuade people to,«se an adequate number of valves 
which are large enough to ensure good results. In 
discussing the horn, which forms j^art of the conventional 
loud-speaker, no one seems to have referred to the 
polar distribution of radiated sound energy at various 
frequencies. I do not know whether other obseiwers 
have noticed, as 1 have done on frequent occasions, 
that even if the frequency balance is good when the 
ear is in a Une with the horn opening, it may happen 
that a large percentage of the upper part of the sound 
spectrum is m&sing when the ear is moved to one 
side of this line. It may be of interest to describe 
an arrangement which I have employed with rather 
pleasing results. The device may perhaps best be 
described as a spectroscope for audible frequencies. 

It consists of two main portions, first a rotating spmdle 
for the purpose of controlUng the frequency of the 
oscillations.imposed upon the apparatus under t^t, 
in such a manner that it sweeps over the whole audible 
scale during the revolution of the spindle. The spindle 
has mounted on it a variable condenser of the semi¬ 
circular vane type which is connected to one of two 
high-frequency oscillators employed for the production 
of beats, which latter, when rectified, are used as a 
variable-frequency source for testing apparatus wifMn 
the audible scale. The second part of the device consists 
of a cathode-ray oscillograph with its auxiliary appa¬ 
ratus. By this means it is possible to cover a very 
large frequency range without altering the constants of 
the osdllating circuits by more than a very small 
percentage, and hence one may be reasonably certam 
that the amplitude of the beats produced does not 
vary with their frequency. There is, of course, the 
risk that this method of setting up a variable-frequency 
source may give trouble owing to interaction between 
the two oscillators and also to the departure from 
sine wave-form of the beats when rectified. It is 
also necessary to employ a fairly high decrement in 
the high-frequency circuit attached to the rectifier, in 
order to prevent a change of amplitude in the induced 
current when the freqijpncy of one of the oscUlators 
is changed. The application of the beat frequency 
of the apparatus under test gives rise to an E.M.F. 
on the output tide which can be applied to one pair 
of deflecting plates in the cathode-ray oscillograph. A 
rotary potentiometer is mounted on the same spindle 
as the variable condraiser already referred to, and 
this furnishes an E.M.F. which can be applied to the 
other pair of deflecting plates for the purpose of spreading 
out the output indications at various frequencies and 
thus giving a spectrum band. The potentiometer 
merely separates the various frequencies in the same 
way as a prism does in an optical speofroscope. A com¬ 
mutator is also mounted on the spindle in order to 
prevent a second image being obtained when the con¬ 
denser is pasting through the second half of its revolution, 
and when, in consequence, the frequency band is traversed 
in the inverse direction. The spectrum produced 
consists of an illuminated band, the width of which at 
any point is a measure of the response experienced 


at the corresponding frequency. By mere ins^tion 
it is possible not only to discover faults in the distnbution 
of r^ponse, but also instantly to observe the effect 
of any steps taken to improve the results. Some 
speakers have raised the question of the relation 
between the sensitiveness of the human ear and 
the frequency impressed upon it. Surely it would 
be wrong to introduce such a function into the design 
of a loud-speaker, because it is only by making the out¬ 
put a copy of the original that w% can hope to deceive 
the listener into beheving that j^e is, in fact, hstemng 
to the original.' Any device for the correction of ear- 
frequency balance wofild (like spectacles) have to be 
a personal matter, and unless the arrangement could 
be attached to the head it would seem necessary to 
put the sub-normal listener with his special loud-speaker 
in a room by himself. 

Mr. G. C. Marrls : I cannot agree with all that 
seems to be inferred from the facts given in this ^s- 
custion. As each speaker has presented his own particu¬ 
lar problem, the general effect is that nothing can be 
done. Perhaps this is true so long as we make no 
clear decision as to whether we -will have more quahty 
or more volume. In otiier words, ought we not to 
develop two distinct types of loud-speaker, or perhaps 
three? These would be, first, a general-purpose 
instrument, as most of the instruments on the m^ket 
seem to be. They give plenty of sound for a toge 
private room or for the entertainment of a small 
private party. They reproduce speech very dearly 
and give music which is pleasajit to listen to for a 
short time. Only a comparatively small valve is 
necessary for their operation. The second class would 
be fne new one, and would be a type of instrument 
working ofi the largest output valve practicable in 
a private house, suitabTe only for use in a small room 
or by persons sitting close to the instrument,^ wi1m 
resonance of every kind suppressed to the lowest limit 
at the expense of volume and designed to cover a 
wider range of frequencies. The third class exists 
already in the instrument used for large halls ^nd 
audiences. Since a fairly wide range in the matter of 
power supply is permissible with this type, the problems 
of design should be simpler, or perhaps it is more 
correct to say, less obvious. With these possibilities, 
more particularly Class 2, in mind, I should like to com- 
ment on the remarks of some of the previous speakers. 
Several have suggested that the horn is the ideal form 
of coupling between the electrical system and the roonu 
It is indeed to be hoped that this is not the case. I 
havfe listened a good deal to loud-speakers, and in all 
cases have become very tired of the horn resonance. 
That it is horn and not diaphragm resonance is easily 
proved by removing the horn. If we are to make 
an electrical analogy it must be to a resonance trans¬ 
former or a very short transimssion line, neither of 
which is a good coupling device. Further, there is 
the fact that the actual musical insteuments mth wider 
frequency-ranges, such as the violin and piano, have 
no horn. The other point is in connection with valves. 
Having had to urge the use of valves of large oulput, 
I am very pleased to read Prof. Fortescue's summary 
of the various forms of amplifier distortion. I should 
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like to corroborate his remarks in regard to the dis¬ 
tortion due to the valve itself. Measuring the character¬ 
istics of a valve with a power output of about the 
maximum practicable for a private set, I found that 
for about ^ volt (peak) on the grid the second harmonic 
was 0 ‘ 4 per cent of the fundamental, while for 6 volts 
(R.M.S.) on the grid the second harmonic was 1 per cent 
of the fundamental. If, however, one attempts to 
obtain under the same conditions so much power out 
of, say, an R valv®, the higher harmonics would be 
of the order of 50 per cent, of the fundamental. It 
seems to me, howevdt, that Prof. Fortescue's remarks 
on page 272 on the output required should be qualified, 
as otherwise we should have to condemn, I think, un¬ 
necessarily a large proportion of existing loud-speaker 
outfits. Using the ordinary loud-speaker which makes use 
of horn resonance, an ordinary room can be pleasantly 
filled with speech or music if a valve having a maximum 
distortionless output of, say, 6 milliwatts is used. I 
beli ve that this power covers 90 per cent of the loud¬ 
speakers in use. Here, it seems to me, is the. great 
opportunity for the quieter, better-quality type of 
loud-speaker referred to above as Class 2. Let us 
make use of the larger-output valves capable of giving 
50 to 100 milliwatts of power with reasonable voltages, 
but direct this power to the improvement of quality, 
not of volume. It seems quite practicable to design 
valves with still larger distortionless outputs at reason¬ 
able voltages, but at present there is no loud-speaker 
which is capable of making good use of such power 
in a small room. In connection with the formulae 
given to-night for output, there is a very simple way 
of getting the figure from the constants of the valve, 
pointed out by my colleague, Mr. A. C. Bartlett. If 
V be the length of the straight part of the valve chamc- 
teristic on the negative side erf zero, at the particular 
anode voltage applied, then the R.M.S. grid voltage 
which can be applied to the valve without causing 
distortion is nearly and the distortionless power 
output is therefore approximately (m* w®)/ 16 jB, where 
m is the amplification factor and B the anode filament 
resistance, usually known as the internal resistance of 
the valve. It is useful to note that is also the 
optimum value of the direct-current negative voltage 
at which to work the grid. 

Mr, W. E, Bumand ; From what has already been 
said and demonstrated it is very obvious that there 
are many other factors connected with loud-speaker 
reproduction than the loud-speaker itself,* and that 
many faults which are blamed to the loud-speaker 
may be traced to something else. The extra output 
on certain notes—^similar to what is called the ** wolf 
note in some viphns—can often be traced to the ampli¬ 
fier. One can inaagine an amplifier with a tendency 
to oscillate, working near that point. When a signal 
comes through of the same frequency the two together 
will give rise to this “ wolf " note. It may be the 
loud-speaker, but the fact remains that, in many 
cases, by altering connections or applied potentials it 
can be got rid of, thus showing that the amplifier 
and not the loud-speaker is at fault. There still 
remains the trumpet tone and the various other reson¬ 
ances. Apart from these, I think sufficient pronainence 


has not been given to the effect of harmonics and 
overtones. All the experiments or curves connecting 
output -with input which have been shown are with 
pure tones. I think that the o-jertones and hamonics 
are of equal importance, even beyond the audible 
range, in the effect produced by the speaker, since 
these form beats wi-&fin the audible range. I was led 
to suspect this by running two loud-speakers in series, 
a large Brown and a large Western, about 6 ft. apart, 
and standing 8 ft. away from them. The input to 
each was exactly the same, and yet, listening for a 
period, it was curious how the sound appeared to 
emanate first from the one and then the other, and 
how at other times the outputs of the “Svo were approxi¬ 
mately the same. It does not mean that one loud¬ 
speaker takes charge of the high notes and the other 
takes charge of the low notes. It seems to be a 
matter of the timbre quite as much as of the high or 
low notes, and the timbre is of course due to the 
various frequencies and harmonics. For instance, the 
sound of a flute would appear to come from one 
instrument, and the announcer would appear to 
speak through the other. The explanation that 
this might be due to the standing waves is I think 
also done away with by the fact that one appeared 



to take charge for a matter of some seconds, during 
which a considerable number of notes were sounded, 
and the position of those standing waves would vary 
with the note. I think, therefore, that one horn or 
one air passage cannot be the best thing for all classes 
of music or all tones, and that it is possible to get a 
much’ better result by ha^Sng either a number of 
horns or a number of air passages, which might be 
combined in one outlet. This is shown in rough dia¬ 
grammatic form in Fig. M, several horn passages of 
different length and configuration branching out from 
the sound box and meeting again at a common outlet. 
I was interested in the demonstration showing the 
modes of vibration of a diaphragm, but I cannot think 
that those apply even approximately to diaphragm 
such as is used in tlie Brown instrument with a conical 
diaphragm, or to the Western with the concentric 
corrugations, or to the loud-speaker with the radial 
corrugation shown by Captain Eckersley. Having 
designed transformers for 30 years and personally 
evolved some 9 000 different windings, some of which 
are, of course, now obsolete, I must say that the 
average transformer put in a wireless amplifier on the 
low-frequency side is very much worse than might be 
expected from the firms who, one would imagine. 




296 


DISCUSSION ON 

_ V- 


should know better. On the question of the open 
circuit compared with the closed magnetic circuit 
transformer, they both have their defects. For 
the amplifier a transformer with characteristics lying 
somewhere between those of the series and the ordi¬ 
nary shunt transformer is required, i.e. both the inag- 
netic and current densities varyf and also there is a 
d.c. component. With a closed magnetic circuit, that 
component shifts the flux to one side of the neutral 
position. Therefor^ the alternating component of an 
average of 1 000 frequency must give a distorted out¬ 
put. Going to the other extreme, there is the open- 
circuit transfonner used with a straight core, wMch, 
as is well know'h, requires quite a large magnetizing I 
current. Many papers have been written to show 
that the output does not then match the input, espe¬ 
cially under the conditions used in an amplifier, where 
the amplitude varies with inductive and capacity 
reactance as wdl as resistance. I think, therefore, 
that for good results something between the two 
is necessary, i.e. a transformer with a nearly closed 
magnetic circuit, with an air-gap (a few thicknesses 
of paper will give sufficient spacing) of 1 or 2 per cent 
of the length of the magnetic circuit. The old Edison 
" efectro-chemicaltelephone was, I believe, the first 
of the loud-spealcers in which the diaphragm vibration 
was augmented by varying the friction on a revolving 
element. According to an old book,* this consists of 
a flat spring, attached to a i-inch mica diaphragm at 
one end, pressed by a rubber pad on to the surface of a 
revolving cylinder of moist gypsum impregnated with 
potash and mercuric acetate. The spring is made 
negative. Used with a contact point on the end of 
the spring touching the cylinder, this is also employed 
as a transmitter. 

Dr. H. M. Barlow: I should like to say one or two 
words about a novel type of telephone which I am now 



engaged in developing, and which Fig. N will help 
to explain. The so-called Johnsen-Rahbek efiect, 
involving the electro-adhesion set up between a solid 
metal and a* semi-conductor which are in contact and 
have a potential difierence between them, is well known, 
but I do not think it is generally known that the 
same efiect is obtained with a semi-conductor in contact 
with a liquid metal such as mercury.* I made this 
observation myself some time ago,t and I have applied 
it to a telephone, among other instruments. Take, 
for example, a piece of semi-conductor such as litho- 


* “Electricity in the Service of Man” (Cassell and Co.); also see H. M. 
BARtowt “An Investigation of the Friction between Sliding Surfaces, 
Jouftud I.E,E„ 1S24, vol. 62, p. 1S3. 

1924, vol. 62, pp. 143 and: 166-158. 


graphic stone or slate, in the form of a thin disc, and 
make the underside of it concave or convex, so that when 
floated on a pool of mercury the surfaces do not make 
contact over the whole area. Cement a piece of tinfoil 
to the upper surface of the disc, and applyna varying 
P.D. between it and the mercury. The semi-conductor 
will then oscillate on the surface of the mercury, due 
to the variation in the electrostatic forces operating 
across the interface. If a telephonic voice current 
is employed, speech is reproduced. • An alternative 
method of producing sound is to bore a small hole 
thr ough the centre of the disc so that, when it is pulled 
down, the air is squee2ed out of the confined space 
between it and the mercury. The arrangement has 
given very good results with a 2-valve receiving set 
working on 2LO. 

Mr. P. G. A. H. Voigt: So far only one or two 
speakers have said anything in favour of the present- 
day loud-speaker. One of the accusations which is 
generally levelled against it is that of chronic ineffi- 
I do hot believe that the peak of efficiency 
is much more than 10 times the average efficiency, 
and I shall now show one experiment to prove that 
the loud-speaker's efficiency is more than the fraction 
of 1 per cent with which it is generally credited. It is 
an experiment which has been known to telephone 
engineers for many years. It is a kind of Hopkinson 
test. The power from the loud-speaker, acting as a 
microphone (quite a good microphone too), is fed through 
a telephone transformer to the input circuit of an 
ordinary single-valve note magnifier. The output 
goes through another telephone transfo^^mer to the 
other loud-speaker, and the sound output is sufficient 
to mountain an oscillation. If we take the extreme 
theoretical case of an efficiency for that stage of note 
magnification of 76 (transformer 6: 1, valve amplifica- 
cation factor 16), then the efficiency of our loud-speakers 
is the reciprocal of the square root of that figure, i.e. 
between Jth and Jth of 100 per cent, say 12 per cent 
at the most efficient frequencies. If we take a more 
reasonable figure of 25 for the stage of note magnM- 
cation, we get a peak efficiency of 20 per cent, which 
is very far removed from 1 per cent. It can quite 
easily be shown that it will oscillate on several notes, 
but there are definite gaps. [Demonstration.] I think 
those gaps explain the reason why with two different 
loud-speakers in series the sound apparently wanders 
from one to the other. There is another efficient 
point among the lower notes. I expect that one is 
the air-column resonance of the air in the horn and 
the first is the mechanism resonance, and I believe 
that the greater part of the loud-speaker distortion, 
when the loud-speaker is responsible for i^, is due not 
to the horn but to the mechanism. We have been 
told that the resonance in a telephone can be com¬ 
pensated for very easily by a suitable, tuned drcuit, 
and we have also been told on good authority on 
previous occasions that the present-day loud-speak^ 
which is fairly well evened up cannot be so compensated, 
Recently I listened through my loud-speaker to the 
opera, and at the end of it I concluded that although 
the results were very good, they were not quite natur^, 
and I remembered a circuit which I had drawn out in 
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May 1922 but had, not yet tried. In that arrangement 
a loaded telephone and a closed telephone—that is, 
one with the front covered up—^were used in a Wheat¬ 
stone bridge, and instead of having a galvanometer at 
the junctic^ points I had the primary of a transformer 
which fed back the difference into the grid circuit, 
thus attempting to even up the output by balancing 
the loaded against the unloaded telephone. I tried 
that arrangement with loud-speakers, but the difference 
between the two is ^ slight that it is necessary to feed 
back several stages to get any change at all, and the 
result even then is only howling at various frequencies. 
But with a slight modification* i.e. disconnecting the 
closed loud-speaker from its transformer and reducing 
the impedence of that transformer, an arrangement 
is obtained which I think gives results a little more 
natural than the usual circuits. [Demonstration.] 
The effect is best shown when there is a full orchestra, 
or preferably the opera, in which all the instruments 
are present. In the 2LO orchestra I understand that 
the bass instruments are omitted for the simple reason 
that they do not reproduce. Therefore a loud-speaker 
which would reproduce them if they were there cannot 
properly prove its superiority. I can switch over from 
the compensating arrangement to the other, but that 
can only give an indication of the change. If it is 



Fig. O.—Compensating circuit. 


desired to find out what the difference really is, 
the characteristics of the loud-speaker must be well 
known. People ignorant of any change have remarked 
on the difference although they had not heard the instru¬ 
ment at work for several days. Actually the change¬ 
over on the switch does not seem to indicate anything 
like this difference. I should like to point out that the 
efi&ciency is only slightly reduced, and wKbn. several 
people are speaking together the voices appear to 
come out separately instead of all together. Further, 
the lower, and ’sometimes the higher, notes come 
out better, *while the middle notes are suppressed or 
muffled. The compensating circuit is shown in Fig. O. 
The musical scale with its harmonics covers 10 or 11 
octaves. The ordinary loud-speaker is fairly efficient 
over the two octaves which are most used- (say 300 to 
1 200 cycles per sec.). The resulting distortion is most 
noticeable with a piano. The human voice sounds 
high-pitched; an orchestra sounds as though the 
instruments were differently distributed; and most 
solo instruments sound like similar instruments of 
different tone. Because of this, the perfect loud¬ 


speaker, or a perfectly compensated loud-sp%alcer, will 
not seem much more natural than those we have at 
present, unless the reproduced music can be directly 
compared with the original. After knowing a certain 
loud-speaker for a long time, however, the ear becomes 
very sensitive to its imperfections, and notices any 
improvement at onc^, although, to a stranger, both 
reproductions may sound equally perfect. The ques¬ 
tion of transformer distortion has been raised. I find 
that with reasonably good transforhiers the distortion 
is hardly perceptible even with a compensated loud¬ 
speaker. One great difference between a resistance- 
coupled and a transformer-coupled amplifier is that if we 
attempt to overload the valves of a rSsistance-coupled 
amplifier it shuts down, whilst the corresponding 
transformer-coupled amplifier distorts. Instead of the 
operator, it is the transformer or loud-speaker that 
is blamed. In conclusion, I greatly regret that many 
firms are now incorporating the parallel condenser in 
their loud-speakers. This condenser, by reducing ..the 
efficiency at the highest frequencies, not only spoils the 
reproduction but by masking valve distortion encourages 
. users to overload their valves and spoil the reproduction 
still further. 

Mr. C. M. R. Balbi {communicated ): Professor 
Fortescue's work on the power amplifier has shown, 
that distortion is not due to the amplifier if the apparatus 
is properly designed, while others put the blame directly 
on the diaphragm of the loud-speaking device. The 
sound pictures of Professors MacGregor-Morris and 
Mallett are very convincing in this respect, and one 
feels obliged to agree with Mr. Pocock when he remarks 
that Present-day electromagnetic loud-speakers are 
without exception a compromise between relatively 
good efficiency and good quality.^* The main line of 
attack towards better articulation is to obtain an 
improved form of diaphragm. One or two practical 
suggestions have been made to overcome this defect, 
but those responsible for them seem to admit that they 
are still a long way from the correct solution. In an 
attempt to solve this problem I have devised a system 
in which tlie inherent inertia and the natural frequency 
of the diaphragm have been completely eliminated. 
This is accomplished by vibrating the diaphragm 
continuously at a slightly supersonic frequency by 
electrical means, and then producing the required 
articulation either, by modulating the ener^zing source 
or by varying the friction between two rubbing con¬ 
tacts to obtain the same result, as in the case of the 
Brown Frenophone ** or the Johnsen-Rahbek loud¬ 
speaker. The active part of the diaphragm of this 
apparatus may be as much as 8 or 10 inches in diameter. 
Among the advantages of this system is the^fact that a 
very much larger volume of sound can be controlled 
by a single unit than has hitherto been possible. 

Mr, F. E. Smith (communicated) : Professor Rankine 
has suggested that it ought to be possible to make a 
direct comparison between the original and the repro¬ 
duced sounds. Such a comparison is possible and can 
easily be made by means of an oscillograph if the latter 
enables two records to be made simultaneously. In 
practice the speaker (or source of sound) and the receiver 
should be housed in the same building, an easy matter 
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to arrange in the 2LO station. In addition to the 
oscillograph, two telephone receivers, as identical as 
possible, would be needed; these receivers should be 
connected to the oscUlograph and when a sound is 
made in front of them “the two traces should be practi¬ 
cally identical. Distance and echoes must, of course, be 
taken into account. In an experihient with speech the 
speaker would broadcast as usual, but one of the tele¬ 
phone receivers would be placed near the transmitting 
microphone, and the other would be acted on by the 
reproduced speech from the loud-speaker. Two oscillo¬ 
graphic records would thus be obtained, one 
corresponding to the original and the other to the 
reproduced sourid. The difference between the two 
records would be due to the distortion produced in tiie 
link, made up of microphone, .amplifier, transmitting 
set, receiving set and loud-speaker. Such an experiment 
has not to my knowledge been made, but it presents no 
great difficulty. I have taken many speech records 
with oscillographs and obtained excellent results. 
Records of speech would not be very useful. A good 
plan would be to have fairly pure tones from tuning 
forks vaxymg in frequency from 60 to 6 000. At first, 
single tones should be transmitted, but afterwards 
it \' 70 uld be well to transmit two notes simultaneously. 
Differences in amplification should not be difficult to 
detect by analysis of the resultant curves. 

Mr, L. W. Wild (communicated ): I desire to discuss 
in some detail a cause of tone distortion which is very 
generally met with and which I consider has not yet 
received adequate attention. It is common practice to 
operate a loud-speaker by means of two low-frequency 
valves. It is the distortion occasioned by the valve 
couphng that is in my opinion the worst offender in 
receiver design. This coupling is generally effected by 
means of an iron-cored transformer with a moderate 
step-up ratio. The standard pattern of transformer 
has a primary inductive impedance of about 10 000 
ohms on 260 periods (middle C). The valve preceding 
the transformer has an internal impedance round about 
100 000 ohms. An unloaded transformer working 
below its resonance frequency (about 1600 periods) may 
be considered to be a simple inductance. The valve 
impedance may be considered to be simply a resist¬ 
ance. We thus have a^ resistance in series with an 
impedance, the former being the predominant partner 
at all frequencies below resonance. An inductance 
has the property that its current and E.M.F. waves 
are different in form, unless both are pure sine waves.* 
Every harmonic present in the current wave is intensi¬ 
fied in the E.M.F. wave. For example, a third harmonic 
in the current wave comes out exactly three times as: 
strong in t^e E.M.F. wave. It follows from the fore¬ 
going that on all fundamental frequencies except for 
about one octave near the resonance point, the harmonics 
in the current wave will be substantially the same as in 
the E.M.F. wave impressed upon the grid of the first 
valve and, in consequence, the harmonics in the E.M.F. 
ive impressed upon the transformer and passed on to 
* grid of the secondvalve will be . greatly intensified,! 


thus causing tone distortion. Could, however, tlie 
inductive impedance of the transformer be greatly 
increased so that throughout the musical scale it was 
several times the impedance of the preceding valve, we 
should have an E.M.F. wave impressed upo<u the grid 
of the second valve substantially similar to that impressed 
upon the grid of the first valve, with practically no 
tone alteration. I have worked out a design for a 
transformer having ah even ratio and an inductive 
impedance of 2 megohms on 260 periods, or about 
20 times the impedance* of an average valve. The 
weight of this transformer would be 40 lb., and I am 
afraid that it would notT be considered an ornament in 
the drawing-room. But why use a transformer at all ? 

A simple inductance constructed on the same lines 
but without a secondary winding can be made having 
the desired impedance and not weighing more than 
6 lb., which is, I think, within the limits of size, weight 
and cost requisite to meet with approval. I have 
made several of these inductances and have distributed 
them amongst my friends, all of whom report that 
by substituting these for their former transformers 
they have effected a marked improvement in tone 
reproduction besides obtaining ,an increase in volume 
of sound. The increase in volume is iio doubt due to 
the fact that full advantage is taken of the amplification 
factor of tlie first valve, which is not the case with a 
transformer, and is not compensated for by the step-up 
ratio. These inductances have an inductive impedance 
of 2 megohms and a capacitative impedance of rather 
over 4 megohms on 260 periods. ^ Their impedance is 
therefore several times that of the preceding valve 
over the whole range of the piano scale. The same tone 
reprofluctioii can be obtained with the well-known but 
litiSe used resistance coupling, but under the best condi¬ 
tions the amplification realized with this form of coupling 
cannot exceed half tliat obtained with inductive coujpling 
. if the sarhe number of high-tension cells are used. 
Because I condemn the employment of transformers 
for valve coupling it does not follow that I cannot find 
a place for them in some part of a rebeiver. A potential 
transformer following a cr 3 rstal and preceding a valve is 
a perfectly legitimate appliance to use, provided that no 
high-frequency amplification is employed. A treated 
galena crystal has an impedance of only about 400 ohms, 
and if the transformer has a low primary resistance, 
an impedance of about 10 000 ohm^ on 260 periods and 
not too much self-capacity, there should be practically 
no tone distortion. To design a potential transformer 
free from tone distortion for employment in this position 
is not difficult. What is more difficiilt is so to adapt 
the design as to obtain the maximum volume of sound, 

' and, for this purpose, consideration has tc^be given to 
thb oscillating circuit from which all power must be 
drawn. Most of our present transformers are fairly 
efficient in this respect but could probably be improved 
somewhat by about trebling thmr weight. 

[The replies of the authors of the introductory papers 
will be published later.] 
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Faxaday Medal. 

At the Ordinary Meeting held on the 31st January, 
1924, the President Announced that the third award of 
the above Medal had |>een made to Dr. S. Z. de Ferranti, 
a Past President of the Institution. 

George Monteflore Prize, 

The 1923 award of the above prize has been post¬ 
poned to 1925, the last date for the receipt of papers 
being 30th April, 1926. Full particulars of the prize, 
the value of which on this occasion will be 22 600 francs, 
can be obtained from the Secretary, Association des 
Ing6nieurs filectriciens sortis de LTnstitut £lectro- 
technique Monteliore, 31 Rue Saint Gilles, Lidge. 

The Benevolent Fund: 

The following Donations and Annual Subscriptions 
were received during the period 26 January-26 February, 
1924 (excluding those paid direct to the Institution 


bankers which will be published later) 
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By Abdel Aziz Ahmed, Ph.D., M.Sc.(Eng.), Associate Member. 


{Papey fivst received ll/A Septcffibey, and in final fotm lih Novenibey, 1023.) 


Summary. 

The paper has for its^principaJ object the theoretical and 
experimental investigation of the electric field produced 
when a current flows in an electrol 3 rtic cell having plane 
parallel electrodes. 

On the theoretical side a general expression for the elec¬ 
trolytic conductance is derived in terms of the stream flux 
and the potential difference between the electrodes, and is 
applied to special problems of complex transformations. 
The distribution of the electric stress along tlie surface of 
parallel plane electrodes is also determined mathematically 
(see Section 1). 

The experimental work has been planned with two objects 
in view: (1) To verify the theoretical results by means of 
e}q>eriments in which the mathematical conditions are repre¬ 
sented with sufficient and reasonable accuracy (see Sections 2 
and 3); and (2) to apply the theoretical results for the solu¬ 
tion of certain practical questions, and to investigate experi¬ 
mentally how far such applications agree with test results 
(see Section 4). Both objects have been in some measure 
satisfactorily attained. 

On the side of electro-phjraics the validity of Ohm's law 
is proved for any elemental current in the electrolyte by a 
direct experiment devised for this purpose (see Section 3). 
The significance of this Msult lies first in its providing tangible 
evidence of the coincidence of stream lines with lines of 
force everywhere in the electrolytic medium, and secondly, 
in its proving that under certain conditions an electfblyte 
may be taken to represent a perfect homogeneous dielectlMc 
with something approaching mathematical precision. As 
an example of the practical application of this theorem, 
a method is derived for calculating the conductance of such 
apparatus as metal-refining and simple electro-deposition 
tanks, and certain types of liquid rheostats. A practical 
chart which is provided for this purpose may prove useful 
to the designers of such apparatus (see Section 4). 

Furthermore, the results obtained may find a field of 
application in the measurement of electrical and magnetic 
phenomena where the distribution of energy is analogous to 
that shown to exist in the electrolytic cell, as, for example, 
the capacity of an irregular system of conductors or the 
reluctance of a magnetic circuit. 


Table of Contents. 


Table of Contents— continued * 

Section 

3. A method of measuring the current density at 

any point in the interior of an electrolytic 
medium. 

Theory of tlie method. 

Confirmation of results. 

4. Calculation of the geometric conductance of an 

electrolytic cell having plane parallel electrodes. 

Construction of a chart for finding the geometric 
conductance of an electrolytic cell with plane 
parallel electrodes. 

Confirmation of results. 

Conclusion. 

Some practical remarks. 

Appendixes 1 and 2. 

1, Mathematical Study of the Electric Field in 
AN Electrolytic Cell. 

Consider an electrolyte* in which a steady flow of 
current is maintained by the application of a potential 
difference between two conducting electrodes immersed 
in it. Various points in the electrolyte will in general 
be at different potentials. There will be a system of 
equipotential surfaces which are intercepted orthogo¬ 
nally by tubes of flow, indicating by their orientation 
the direction of the current a:t any point in the electrolyte.. 
The representation of current distribution is analogous 
to that of an electrostatic field, and in what follows we 
shall begin by assuming that the tubes of flow coincide 
with Faraday tubes in the electrostatic field which would 
be produced in an analogous dielectric medium, f 

Experiment shows that Ohm's law applies to electro¬ 
lytes as precisely as to metalUc conductors. Consider 
an element of a tube of flow massing through a given 
point P in the electrolyte. Ler its length be da and its 
cross-section a. Let i be the current density at P, 
and k the conductivity of the electrolyte. Then if dV 
be the potential drop in the elemental tube we haVe 


Section 

1, Mathematical study of the electric field in an 
electrolytic, cell. 

^ 2. Experimental work. 

(A) Geiseral plan. 

(B) Account of apparatus and method. 

(C) Choice, of elements of electrolytic cell. 

(D) General comparison of the electrostatic and 

current problems. 

(E) Experimental results. 

(F) Discussion of results. 

♦ The Papers Committee invite written communications {with a view to 

g ublication in the Journal if approved by Ihe Commitlee) on papers published 
1 the Journal without being read at a meeting. Communications should rea^ 
'.the Secretaj^ of the Institution not later than one month after publication of. 
the paper to which they relate. 


dF = 7 X — ta 
h a 


or 


da 


h 


( 1 ) 


I.E.E. Journal, VoL. 62, No. 328, April 1924. 


where dV/da is the potential gradient at P. 

We shall now investigate ihore fully the analogy 

* The present discussion deals in particular with an electrolytic medium, 
but the same method of reasoning holds good for anv conducting medium. 

t The question as to whether stream lines follow the lines of force or whether 
they may. be deviated by electromagnetic action has received attention. The 
results show that there is no electromagnetic effect (see R. Heilbrun^ Anntden 
der Physikj 1904, vol. 16, p. 988). The magnetic effect of electrolytic current 
was investigated by S. Sheldon and G. M. Downing (Physical Revietv, 1898, 
vol. 7, p. 122),. where it was shown that an electrolyte contained in a rub^c 
spiral produced the same electromagnetic effect as a metallic conductor having 
the same number of ampere-tums. 
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between &e electrostatic and the current fields in the 
electrolyte, and for simplicity we shall assume that: 

(1) The electrolyte is of infimte dimensions and that 

curr^t flows C)etween two electrodes immersed 
therein. 

(2) The electrolyte is homogeneous and has constant 

conductivity throughout. 

(3) The flow of current is steady. 

Let Vi and Fg be the potentials of the electrodes, so 
that their potential difference is Fi — F 2 . Suppose 
the electrolyte to be replaced by air, and let each electrode 
receive an equal and opposite charge until the potential 
difference becomes equal to that in the current problem. 
The potential of the electrodes, however, may or may not 
be equal to that in the current problem. Let Ei and 
JS ?2 be the new potentials of the electrodes. We have 


Let ^ « F Hr C. 
Then we get 


Fi - Fs - 


dr 


dr 


(2) 


wtjpre dr is the outward-drawn normal at a given point 
on the electrode surface. 

From Equation (1) the current flowing in the direction 
dr per unit area of the electrode surface is given by 

dr 

and the total flow of current from the electrode is 




ar 


where d8 is an element of the surface of the electrode. 
From (2) we also have 


'=‘iif'“ 




i.e. the conductance corresponding to unit conductivity, 
and we shall denote it by K.' so that 

.... :. (4) 


If Q be the quantity of electricity on each electrode, 
in the ^ectrostatic problem we have by Gauss’s theorem 


where ift is the total electrostatic or dielectric flux 
emanating from each electrode. 


Hence 




If F be the potential difference (equal to Fj — Fg) 
and K the conductance of the electrol 3 rte so that 

I =* JTF 

then K will be given by 


K-i 


Similarly to (3) the resistance will be given by 

r. F 

where p is the resistivity, and the ** geometric resistance 
by 

V = ^ ....... (5) 

y 

Equation (4) is of practical importance, as it enables us 
to express the conductance of an electrol 3 rte as a function 
of the potential difference between the electrodes and 
the flux issuing from them. The conductance thus 
expressed will be measured in the same unit as 

Steady Flow in Two Dimensions. • 
tubes.of flow are the same in all planes parallel 
to that of xy, and there is no current parallel to the axis 
of 2 , we may regard thp flow of current as being two- 
dimensional and consider only the circumstances in 

the plane xy, , . ^ 

Considering now two plane parallel electrodes immersed 
in an electrol 3 rte, we may regard the flow of current 
between them in a normal plane sufficiently remote from 
their upper and lower edges as bping two-dimensional. 
Let da be an elernent of tube> and i tlie current density 
along da as before. Let u and v be the components of 
i albng the axes x and y, and I and m the. direction 
ccSsines of u and v. 


We have 

Hence 

and similarly 


U=sU 

dV 

= ffc-T- from Equation (1) 
da 

CuX 


dV 


V = 


d/y 


(3) 


The expression ^/F represents the surface integral 
of stream lines per unit potential difference, and may 
be called the geometric conductance * of the medium, 

♦ The tenn “geometric conductance” i$ analogous to "geometric 
ance ” as used by Karapetoff (see “The Magnetic Circuit,” chap. &, p. 93). 


Now for a steady motion the equation of continuity 
is given by 

du dv . 

^ --= 0 

dx^ dy 

By substituting in this equation the values of u and 
V obtained above, we get 

d^V ' 

which is Laplace's equation for the potential function 
in two dimensions. This equation is satisfied by a 
solution of the form 

where j = V(- !)• , , „ .u ^ j v 

The relation between tj> and F can be found by 
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differentiaituig Eqaation (6) with: respect to * and y. 
Thus we get 


dtk , .dV * 


whence 


dd/ , .dV . „ , . V 
^dx ^ dx ^ dy ^ dy 


The stream lines are rectangular h 3 rperbolas with 
tiie axes of co-ordinates as axes, and the equipotential 
lines are also rectangular h 3 ^erbolas witli the axes of 
co-ordinates as asymptotes. We^can make use of this 
transformation to find the resistance of a conductor 
bounded by these lines, such as the shaded diagram, 
in Fig. 1, where AP!l5 and A'QB' are the stream-line 
boundaries, and AA' and BB' are the equipotentiai 
boundaries of the diagram in question. 


dJf dV n 
or and 

dx dy d/y dx 

Functions satisfying these relations are called conjugate 
functions. 

It is evident that the families of curves given by 
iff = constant and V == constant intersect orthogonally 
at every point. In other words the curves ifs == constant 
are stream lines, while the curves V = constant are the 
equipotentials. 

If stream lines and equipotentials are drawn for a series 
of equal infinitesimal increments of F and ijs they will 
divide the plane into infinitesimal squares. For if dx 
be the distance between two consecutive stream lines, 
and dy that between two consecutive equipotentiai lines, 
the current may be expressed by or dV/dy, 

Hence if d^ — dF then dy = dx. 

Consider now more fully Equation (6) and let us write 

z.== x+ jy 

and w = \fs + jV 

so that = xi^) 

If we represent values of z in one Argand diagram 
and values of win .another, it can be shown that corres¬ 
ponding infinitesimal parts of the two diagrams are 
similar, and Equation (6) is therefore said to transform 
a diagram in the z plane conformally'' into the w 
plane? Such transformations have been successfully 
applied for the solution of certain physical problems, 
especially in hydrod 3 mamics and electricity, which are 
otherwise incapable of solution. 

The condition that the potential over a conductor is 
constant may be represented in the w plane by .straight 
lines parallel to the real axis, and since streain lines 
cut equipotentials orthogonally it follows that con¬ 
ductors in the z plane can be transformed conformally 
into rectangles in the w plane, provided the proper 
function x ^ Equation (6) is found in each case. In 
other words, Equation (6) will transform an irregular 
conductor in the z plane into a rectangle in the w plane 
bound by straight lines ijs = constant and F = constant. 
These conductors Vill be electrically equivalent since the 
transformation is conformal, i.e. the mutual relationship 
between equipotentials and stream lines bounding 
corresponding infinitesimal parts is preserved in both 
conductors. 

We shall now illustrate the use of the above method 
of transformation by simple examples. 

Take the function 

{x +jy)^ 

— 2 /^ -t- 2jxy 

so that ^ y 2xy, 



From Equation (5) the required i-esistance is given 
by 

F ^ Fj. — Vb __ 

*ll ~ iip - l{lQ ~ - y%) - (!B^ - 

2 X .8 X 8 - 2 X 8 X (- 8) . 

- (62 _ 0 ) - ( 4=2 _ 0 ) 

Thus the irregular conductor APBB'QA' is tradsfonned 
into an equivalent rectangle 'whose boundaries are 
=: 128; Fjff = - 128 ; and xjsp == 36, = 16. 

Another simple example is given by the following 
transfonriation: 

^+jV ^log (x +iyy 
log 

where r is tlie radius vector, and 6 the argument in polar 
co-ordinates, or 

^ 4- ^‘F = log T + jQ 
Hence we have ift =* log r, and V — d. 



Thus the stream lines are a system of concentric 
circles, and the equipotentials radii (diverging from their 
common centre. We can use this function to find the 
resistance of any figure bounded by these lines. Take 
as a special case the ^aded portion of Fig, 2. 
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The equfpotential boundeiries are 7 = 0 and 7 = n-/2, 
and the stream-line boundaries are r = 10 ^d r = 6. 
From Equation (6) the geometric resistance is given by 

0 ^ 

log rpjrQ log (10/5) 


- 7^-_7g : 


= 2-27 


The transfonnatioii illustrated by the above examples 
has been made directly from the z plane to the w plane. 
Such direct transformation, however, is not always 
possible, and in general it is effected toough the inter¬ 
mediation of a third diagram, which is taken, for con¬ 
venience, in the real axis of a semi-infinite pl^e. 

If i ^ yi] ^represent a point in the semi-infinite 
plane, let 

*=/{«). 

and w = F(t) .(8) 

Equation (7) will transform a conductor in the z plane 
conformally into an equivalent diagram in plane, 
and Equation (8) will transform this again into the 
i plane. 

The method of transformation discussed above has 
its limitations. The purely mathematical difSculties are 
such as to make it applicable only in a comparatively 
few simple cases. 

The transformation of a rectangular polygon into 
the real axis of a half plane can be effected by means 
of a general theorem due to Christoffel and Schwarz, 
which states that 

— = o(« - y... (f - y(9) 

dt 

where ai, a 2 , On internal angles of the polygonal 

conductor in the z plane, and ti, are the co-ordinates 
of points in the t plane corresponding to the angular 
points of the polygon. Three of these co-ordinates 
are arbitrary and the rest are determined from the 
configuration of the polygon.* 

We shall now proceed to apply this theorem for the 
solution of the problem with which we started, viz. Ihe 
case of plane parallel electrodes immersed in an infinite 
electrol^e. 

The plane equidistant and parallel to. the electrodes is 
an equipotential and can^be replaced by a conducting 
lamina without disturbing the configuration of equi¬ 
potential and stream lines. The problem the solution 
of which is required can now be put in the following form, 
to which the Schwarzian transformation readily applies. 

Imagine a semi-infinite plate CD (Fig. 3) at potential 
V placed at a distance h above and parallel to an infinite 
plate AB at zero potential; it is required to map out 
the distribution of electric stress or potential gradient 
at the electrode surface. 

The polygonal conductor ABCDEA (traced by the 
dotted line) will first be transformed into an equivalent 
conductor having a straight-line boundary in the real 
axis of the t plane, and then transformed again by the 
same theorem into a rectangle in the w plane, boimded by 


equipotentials and straight lines. In order to transform 
the polygon to the t plane we assume three arbitrary 
values of t. Take ^ = — oo at the point A, < = — 1 
at the point (B, C) and t = 0 at D, then we shall have 
« = 00 at E. The angles of this polygon afe a = 0 at 
(B, C) and a = 2n' at D. 

Hence we have by Schwarz*s theorem 


, = = 0 P - log (t + D] . . 


(9) 


where O and D are the constants dl integration and may 
be determined from the boundary conditions of the 
plates. These, as assumed above, are at 2 / — ^ ^nd 
y 7i, Hence we have 

z 5 = a; + ^ 2 / = ~ — log (it + 1) + P'] • • (1^) 

TT 

The diagram in the w plane consists of two parallel 
straight lines, KL and MN. The internal angle at (L, M) 



1 

i 

1 

L 

11 

8 

A_ 


tm-OO 

JJ--00 

xtlaiie 

j:- + oo 

»^pLaii& 

N 


M 

" — _ 

K 

Fig. 3.—Diagram illustrating Schwarz's 

-T, 

transformation. 


corresponding to the point i = — 1 is zero. This dia¬ 
gram is transformed to ^the t plane thus: 

dv> _ . _ 

dt t 1 


or 


w ^ A. log i 4" jB 


A and B can be found from the condition that tiie 
two planes are, as previously assumed, at F = 0^ and 
7 =5 F; whence we have 

w=^-f-j7 =-{log*-iw) . . (11) 

I irr 


Equations (10) and (11) give the general solution of 
stream-line distribution for both plates.* Thus for 
the side 33C we equate real quantities and obtain 


and 


a, = .5(*-log(*-i- 1)>. 

TT 

^ = -log(*-|- 1) • . 

I 


( 12 ) 

(13) 


taacet of Some Irregular Magnetic Fields,” Tt(MS(ut%om of the Amtt 
ImtiUft -of E ectrital Engineers, 1916, vol. 84, p. 1067, which contains useful 
• iMerences to original papers. 


where t varies from 0 to — 1. 

Also from (12) and (13) we obtain the density of stream 
lines thus:— 

doc dt doc h t 

explanation of the method of solution. 
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and from the conjugate property of ^ and V we get the 
electric stress 


F ^ 1 

dy dx h t * * ' * 


Put {— 1 — = w, and write th© equatiSn thus:— 

log w = — w — 1 

This equation is best solvec^ graphically by taking 



Similar expressions can be obtained for the side AB 


by putting y ^ 0 in (10) and (11); thus we get 



» = (-!-*)}• • 

• , (16) 

and 

0 = ^ log (- 1 - «) . . . 

• (16) 

Hence 

diff _dV _V 1 

d» dy h t * * * 

• (17) 

In this 

case t varies from — 1 to — oo. 



V = log u; and v = — w — 1 

• 

The corresponding graphs are shown in Fig. 4, where 
they intersect at the point w = 0 • 28, which gives 
t= - 1-28. 

Similarly we can find the point from which ^ is to 
be measured on the lower plate AB. We have from (16) 

0=Jlog{-l-«V 

TT 

whence ^ — 2, which gives the corresponding value 

of a? as — 0‘637. 

Thus for the lower plate AB, x is to be measured from 
the point ^ — 1-28, and tft from the point ^ — 2. 

Fig. 6 shows the relative distribution of potential 
gradient on one electrode and the neutral plane, being 
calculated for an electrode 10 cm wide placed at a 
distance 10 cm from another identical electrode. The 
curves shown in this figure give also to a certain scale 
the current density near the electrode surface in a 
current problem, and to another scale the charge density 
in an electrostatic problem. 

2. Experimental Work. 

(A) General plan ,—^The experimental work has been 
planned with two objects in view: (1) To verify the 
mathematical results obtained in Section 1 on the 
distribution of electric stress near the electrode surface, 
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Fig. 6.—^Relative distribution of electric stress on the upper and lower plates shown in Fig. 3. 


Now for the side CD both x and ijf are to be measured 
froni the point D, where « = 0 and x s= 0. For con¬ 
venience we shaU measure x on the lower plate AB from 
the foot of the perpendicular let fall from D on AB, and 
in order to find the corresponding value of t we have, 
from (16), 

0 = - log (- 1 -*)] 

♦or 


by means of experiments in which the ifiathematical 
conditions are, represented with sufficient and reasonable 
accuracy, and (2) to apply these results for the solution 
of certain practical questions, or rather to find out prob¬ 
lems to which these results are applicable, and to investi¬ 
gate experimentally how far such applications agree 
with test results. 

The principle which has been previously stated, viz. 
that tubes of flow are identical with tubes of force, 
enables us to replace a dielectric medium by a conducting 


t S=: log (- 1 —^) 
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medium, 5iid for this purpose an eleciarolytic ceE is 
admirably suited. 

The conjugate character of stream lines and equi- 
potentials suggests the possibility of transposing the 
roles of equipotentials and stream lines, so that ■fee 
electric field can be completely determined by mapping 
out either system. It appears, fiowever, that experi¬ 
mental investigation on these lines has been confined 
to the tracing of equipotentials, and thus only a qualita¬ 
tive representation of the manner in which the electric 


,(B) A ccount of apparatus and method ,—^The apparatus 
consists of two rectangular plane copper plates imm^sed 
in a solution of copper sulphate and contained in a 
large glass vessel (Fig. 6). The suspension of the elec¬ 
trodes is arranged on ball bearings operating in an oil 
bath so as to ensure that the electrodes are vertical 
as well as rigid. Each electrode with its suspension 
system can travel so as to give within the limits of the 
apparatus any required spacing between them. The 
spacing is measured on two scales^fixed on either side 



stresses are distributed in a given field has been 
ol^aaned.* '" in the ^erimental work to be described, 
measurement Of potential gradient and also, in sonoie 
te^ts, of Elemental current have been taiken m chosen 
planes of observation. These measurements also repre¬ 
sent to another scale the electric stresses in an ana¬ 
logous electrostatic field, and in this manner the stress 
distribution is determined quantitatively as well as 
q^ualitatively. 

Such inv^tigation has recently been cairied ohtiby 0.0-. PratESCOa OTd 


S.W. 

191 $, 


Such investigation has recently been cainett ontiny 
Farnworth, Transactions of the Amencan Tf^ituU QfEkctncaJ Engtneers, 
i, v^. 85, irt. li p. 895. 


of the vessel. The potential gradient at point in 
the electrolyte is measnred by means-of two tbin coppK 
wkses, insulated throughout with wax except near their 
extremitire, thus acting as eaqtociDg points leading to 
a qjmdrant leleohroimeter * as shown in IFIg. 7. The 
^v pinring eOeclxodes are held femly in an nhomte Mock 
to a glass tube in which the eledtcpme^ 
lA flria are housed. This tube is securely held in a sliding 
carrier capable of movement Mong a transverse scale, 

* The electrometer is of the Doleialek ^pe, the needle being charged to 
120 volts. 
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which in turn can travel with the sliding carrier along 
tlie two longitudinal scales fixed at the side of the vessel. 
In this manner the exact position of the exploring 
points can be read in rectangular co-o/dinates. 

In orde^ to represent the mathematical conditions 
with sufficient accuracy, care has been taken to set 
the electrodes exactly symmetrical with each other, 
with reference to the neutral plane in which the exploring 
points have been previously adjusted to travel, so that 
each electrode coincides with the reflection of the other. 
For this purpose levelling bars^are fixed to the electrodes 
above the water-levdl, at precisely the same distance 
from their lower edges and projecting sideways, so as 
to act as supports for a spirit-level and in general to 
act as a datum line from which all measurements are 
to be taken. 

In order to secure the correct alignment the bearing 
housings are held by means of adjustable screws, which 
enable the movement of the electrodes to be efiected in 
a vertical plane, while their motion in a horizontal 
direction is attained by sliding the bearings in their 



housings. The spacing in the various tests could thus 
be adjusted to the nearest 0*26 xara, 

(C) Choice of elements of eUctwlytic cell ,—It is well 
known that when current from an external source is 
circulated through an electrol 3 dic cell a counter E.M.F. 
is set up in the ceU, which tends to diminish the current 
and is generally known as the polarization E.M.F. 
Principally it is the decomposition voltage which is 
responsible for the chemical work done in the cell. 
It is a physical constant for any particular cell, being 
independent of the magnitude of the current and var 3 dng . 
according to the elements which compose the cell. 
Any increase in the rate of decomposition comes only : 
from the current component of the power. It may 
therefpre be deduced that in electrolytic cells where 
the flow of current does not produce definite chemical 
changes there would be no potential drop of decomposi¬ 
tion. This is practically the case in electro-deposition 
cells, or in general in any cell where the electrodes are 
so Qhosen. that the electrolyte is exactly reconstituted 
. by the use, of a soluble anode of the same nature as the 
cations nyhich are being deposited; the sum total of 


the mass of metal remains the same, and theielectrol 3 ri;e 
undergoes practically no change. The chemical energy 
consumed in tearing the particles of deposit from the 
anode is recovered when these articles enter into chemical 
combination with the cathode, «o that the algebraic 
sum of the energy consumed is zero and theoretically no 
work is done in the process of deposition. 

In the cell described above, the electrodes were there¬ 
fore chosen of pure copper and the electrolyte of a 
solution of copper sulphate. 

In an electrolytic cell there is usually a certain 
quantity, of gas evolved by electrolysis and adhering 
to one or both electrodes. The quantity of gas thus 
formed varies according to the materiai^of the electrodes 
and is generally greater with inactive electrodes than 
with soluble ones.* The presence of gas bubbles has 
the effect of mechanically interrupting the flow of 
current at the points of the electrode surface to which 
they adhere, thus causing a diminution of the effective 
surface of the electrode and, consequently, local increase 
of current density. Now when current flows from one 
conductor to another there is generally some perceptible 
evidence of potential drop occurring at the surface of 
contact. In solids, contact is more or less perfect 
according to the nature and the state of the surfaces 
of contact, and for mechancial reasons an absolutely 
perfect contact is practically impossible. When a 
conductor is immersed in a liquid the conditions are 
more favourable for obtaining good contact, but as 
electrolysis begins the gas liberated increases the contact 
resistance. The potential drop due to contact resist¬ 
ance increases with current density, and hence it is 
evident that tlie effect of the gas bubbles would be 
to increase the potential drop at the surface of contact 
by increasing the current density. The author has 
carried out extensive tests for the purpose of ^certaining 
the magnitude of the potential drop occurring at the 
electrode surface in the particular cell described. These 
have been omitted from the paper for want of space, 
and only the results are given below:— 

(а) No polarization E.M.F. could be detected in the 

cell. 

(б) The contact resistance is from 4 to 6 per cent of 

the cell resistance, aud varies with the current 
and the nature of the electrode surface, being 
greater with smooth than with rough surfaces. 
This may be due to the fact that a spongy 
surface which has been roughened by deposition 
presents a larger surface per unit area of 
electrode. 

(D) Geneyed compayison of the electyostatic and current 
problems ,—^In the mathematical treatment*the electro¬ 
lyte is assumed to be homogeneous, and the potential 
difference maintained at the conducting plates is there¬ 
fore a continuous function of the distance separating 
them. Neither of these conditions is strictly tae for 
an electrolytic medium. In the first place, local 
changes of density occur in the neighbourhood of ^e 
electrodes, the electrolyte near the cathode becoming 
denser, and that near the anode weaker thm .the 

* See Le Bjjlkc: “ A Text-book of Electro-Chemistry,*’ p. 206.. 
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rest, whiciSi practically maintains its original density. 
Secondly, there is generally an abrupt drop of potential 
at the surface of contact between the electrolyte and 
either electrode, which forms a discontinuity in the 
potential function. II the P.D. between one electrode 
and a point close to its surface be measured by an 
electrometer, the reading will gi'^fe the fall of potential 
due to the resistance of the electrolyte which fills the 
space separating the point from»the electrode surface,, 
plus the P.D. occurring at the surface of contact. 

It is evident, therefore, that the neighbourhood of 
the electrodes does not provide a suitable position for 
the verification of the mathematical expressions, and 
in order to attain this object with reliable and accurate 
results it is necessary to take measurements of potential 
gradient at a distance from material objects which are 
likely to disturb the homogeneity of the electrolyte and 


either side, and therefore may be regarded as being 
equivalent to the shifting of the boimdaries of the 
electrolytic medium from the metal conductors to the 
adjacent equipotential surfaces, which may, as a first 
approximation, be assumed to be planes pajiallel to the 
electrodes. This corresponds to a reduction of spacing 
of the electrodes by an insignificant amount equal to the 
thickness of the gas film formed at the electrodes. 
Incidentally there is another point which is uniquely 
possessed by the neutral plane as^ a suitable field for 
. observation. Small lengths of tubes of flow in this region 
such as are intercepted by the exploring points are prac¬ 
tically straight lines nosmial to the neutral plane. Thus 
when the transverse scale is adjusted so that the exploring 
points travel astride the neutral plane, readings of poten¬ 
tial gradient can be taken for anypointin the plane with¬ 
out altering either the setting of the transverse scale or 



Fig. 8. —Comparison of tlieoretical and experimental results. Main current = 2 amperes. 


introduce other uncertain factors. In this respect 
the neutral plane, i.e. the plane equidistant between, 
and parallel to, the electrodes, appears to be a suitable 
field of observation. It provides a hypothetical con¬ 
ductor which may be taken to represent the infinite 
plate in the mathematical problem (Fig. 3), wliile either 
electrode may be taken as the semi-infinite plate. 

We shall now proceed to show that neither the local 
changes of density nor the contact drop at the electrode 
surface will materially afiect the relative measurements 
of potential gradient in the neutral plane. For since 
the change of density is equal and opposij:e at the two 
electrodes, and therefore extends over the same distance 
from each electrode, it follows that in pi space diagram 
the position of the neutral plane remains unchanged. 
The effect of the potential drop occurring at 
the surface of each electrode will be simply to 
reduce the applied pressure by an equal amount at 


the orientation of the exploring points. In any other 
plane or equipotential, however, the exploring points 
would have to be turned through an angle for each 
different reading so as to lie tangentialfy to the tube of 
flow passing through any particular point. This position 
can be found by trial, and corresponds to a maximum 
deflection of the electrometer for any %iven point in the 
electrol 3 rte. The choice of the neutral plane^for observa¬ 
tion is amply justified by the general consistence of the 
numerous results obtained. Practically all the tests 
inade in this plane .show remarkable agreement be¬ 
tween calculated and observed values of potential 
gradient. A few typical tests are given below. 

(E) Experimental results .—^In the following tests 
measurements of potential gradient have been taken 
at various points 1 cm apart along the neutral plane. 
The range of readings extended from the central line 
of the electrodes to the boundary of the glass container. 
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this operation being repeated for different electrode 
spacings. 

Test 1.—The current was kept constant at 2 ajnperes 
for the various spacings 12, 10, 8 and 6 cm. The results 
are showt^ in Fig. 8, where the full-line curve gives 
the theoretical distribution of potential gradient, and 
the crosses are actual readings. 


are shown in Fig. 10, the spacing being 10 cm. It will 
be shown in Section 3 that current density is propor¬ 
tional to potential gradient, so that Fig. 10 also 
represents the relative distribution of current on the 
front and back sides of the eldfctrode. 

(F) Discussion of fesults ,—^Examination of Figs. 8 
and 9 shows, in g(&neral, good agreement between 


Electrode SDaciiLK 6 cm 


mi 
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Distance, in. can. 

Electrode spacing locm 
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Fig. 9. —Comparison o£ theoretical and experimental results. Main current == 4 amperes. 

m 



Test 2 ,—Is similar to Test 1 with the exception that 
the current was kept constant at 4 amperes. The 
corresponding curves are shown in Fig. 9. 

Test 3.—In this test, readings of potential gradient 
were taken at a distance 1*6 cm from the electrode so 
as to eliminate local disturbances taking place in the 
proximity of theielectrode. The object of this test was 
to give a picture.of the irelative distribution of potential 
gradient near the .electrode surfaces, and the results 


calculated and observed values of potential gradient 
in the neutral plane, except at tlie lower parts of the 
curves, i.e. near the boundary of the glass container, 
where the experimental values are slightly higher 
than those obtained by calculation. This is common 
to all the curves, and is principally due to the restrictive 
influence of the non-conducting boundary op. the direc¬ 
tion and density of stream lines in that neighbourhood. 

It will be remembered that in the mathematical 






















310 


AHMED: THEORETICAL AND EXPERIMENTAL STUDY OF 


treatment *$51 the problem the medium was assumed" to 
be of infinite dimensions, so as to eliminate the restrictive 
effect of the boundary on the free flow of stream lines 
in order to simplify the problem. The same condition 
would be fulfilled if the^fixed boundaries of the conduct¬ 
ing medium were so shaped as to follow in each case 
the direction of a given stream fine. In such a case 
there would be no component of current normal to 
the boundary, as is evident from the definition of a 



Fig. 11. 


stream line. If the position of tlie boundary does not 
follow a stream line there would be always a restricted 
flow of current normal to its surface, and this would 
create a local disturbance. This is actually the case 
in the present experiments. 

Suppose that the field of stream lines is already 
established between two electrodes immersed in an 
electrolyte of infinite dimensions. Let now a boundary 
surface approach the field, coming from a distance 
until it occupies the position AB in Fig. 11. Let abed 



Fig. 12. 


represent a stream line and assume first that its position | 
remains the same as before the insertion of the boundary 
surface. The stream lines to the left of abed will 
obviously remain as before in their original respective 
positions. Those to the right of abed, impinging on 
the non-conducting boundary surface and thus being 
diverted from their natural course, will concentrate in 
the space enclosed between that boundary and the 
stream line, abed, giving rise to increased current density. 
The potential gradient, say, at a point m in that narrow 
space will therefore rise to correspond and wotild assume 
a higher value than that at c.. Since, however, the fall 
of potential must take place in a progressive manner 


from the electrodes outwards, it follows that the line 
abed must readjust itself by moving to. the left in order 
to occupy such a position that c will have a higher 
potential gradient than m. Adjacent stream lines will 
rearrange themselves in a similar manner ^d follow 
the dotted lines shown in Fig. 11, with the result that 
the potential gradient of points near the boundary 
become higher than their corresponding values if there 
were no boundary, i.e. higher than the values obtained 
mathematically. ^ 

This explanation accounts for the rise of observed 
values of potential gradient at thfe lowest parts of the 
curves of potential gradient, i.e. in the proximity of the 
boundary. It will be noticed, however, particularly 
in the curves taken for large spacing, that the deviation 
of observed from calculated values starts soon after 
leaving the inter-electrodal space, indicating that the 
boundary is not solely responsible for the rise of observed 
readings over the calculated values. 

Let a and b be the exploring points, and I the distance 
between them (Fig. 12). In the inter-electrodal space 
stream lines run more or less normally to the neutral 
plane, and so the line ab, having been previously 
adjusted perpendicular to the neutral plane, coincides 
more or less closely with the direction of stream lines, 
the smaller the spacing the better the normality of 
stream lines and the closer the coincidence of the line 
ab with the stream line passing through any particular 
point. 

If F be the P.B. measured across the exploring points, 
then the potential gradient dVldl will be given approxi¬ 
mately by F/Z. Outside the spabe enclosed between 
the electrodes, however, stream lines begin to assume 
curved shapes, so that ab will now bridge an arc acb, 
which ’ may be appreciably greater than Z. If $ be 
the length of the intercepted arc then the approximate 
potential gradient should be given by F/a and not by 
F/Z. Thus the observed reading of potential gr^Tdient 
may be higher than the true value as calculated mathe¬ 
matically, tlie discrepancy being greater the more curved 
are the stream lines, i.e. the wider the electrode spadngs. 

8, A Method of Measuring the Current Density 
AT ANY Point in the Interior of an Electro¬ 
lytic Medium, 

‘The principle of the method lies in circulating current 
from an external source between the exploring elec¬ 
trodes while lying in a given position inside the electro¬ 
lyte, through which current is already flowing between 
the main electrodes. The direction of the exploring 
electrodes is such that the line joining them follows 
tthe path of stream lines in the givSn position. The 
current impressed on the exploring points i^ of opposite 
direction to that of the main current in the electrolyte, 
and of such a magnitude as to reduce the potential 
difference of the exploring points to zero. The dia¬ 
gram of coimections is given , in Fig. 13. When this 
condition is fulfilled the impressed current exactly 
neutralizes the main current localized at that particular 
position where the exploring pbints ai’e inserted. This 
is shown when a galvanomefet^ connected across ihe 
exploring points gives nd tiaflectidn.*' - The., balancmg 
1 current (indicated on a ittiUtoiinietet plabed in the 
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circuit of the independent source) is a measure of the 
current density at that particular point. 

The potential gradient may be read on the electro¬ 
meter before the impressed current is switched on, and 
so the rel&jtion between the potential gradient and the 
current flowing in any position of the exploring points 
may be determined. 

Theory of the method ,—Consider first the case when the 
main current through the cell is interrupted, and that 



Fig. 13.—Diagram Of connections. 


only a current I supplied by the external source is im¬ 
pressed on the exploring points while lying in a given 
position in the electrolyte. We shall now proceed to 
find the resistance between these electrodes. 

Take the transformation 

, — c 

w = log — 
z + c 


We obtain 

V + il/r = log ^ = log + j{e - 6') 
r * 

so that V = log ~ ; and if; = 6 6' 

It is obvious that the stream lines are circles passing 
through A and A', and the equipotentials are an ortho¬ 
gonal family of circles. The solution therefore repre¬ 
sents flow from a fictitious '' source placed at A to an 
equal negative source or "sink'” placed at A'* (see 
Fig. 15).^ 

Applying these functions to find the resistance between 
two cylindrical electrodes immersed in an electrolyte, 
we may regard one electrode as a source '' of current 
and the other as a “ sink.'" 



Fig. 15. 


wher^ w and z have the same significance as before, so 
that we have 



Fig. 14. 


In Fig, 14 let OA = OA' = c, and let P be a point 
It is clear from the figure that (vectorially) 

AP = a? — c + yy 

and A'P = x + c jy 

Let X jy c = 


Let a be the radius of each electrode, and d the 
distance between their ‘centres, assumed to be great 
compared with a. The equipotential boundaries of 
the medium the resistance of which is required are the 
traces of the electrodes, and its stream-line boundaries 
are given by (9 — 6’') =: 0 aij^d {$ — 6^) = 27r, 

The two-dimensional geometric resistance can be 
found by applying Equation (6) thus:— 

F log (r/r') 

^ ~iIj~ 6- 6' 

where r varies from r — a to r = {d — a), and r' from 
r' = {d — a) to r' = a •, while (0 — Q') varies from 
= 0 to {d — 6') = 2tt. Hence we have 


7' rr -[d-a r “I® 1 r 1 1^’ 


1 (d-a)^ D d-a 

~ log H— == - log- 

277 7T a 


This equation gives the geometric resistance between 
the exploring electrodes in two dimensions, i.e. the 
resistance between their traces in a plane perpendicular 
to their* length. If I be the depth of the uninsulated 


and 
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part of either electrode,* their resistance will be given 
[from Equation (18)] by 

E'= ilog^^^ .... (19) 

ITT d 


In the present test the measured dimensions were; 


= 1 cm 
/ = 0-6 cm 
2 a = 0 • 2 cm 


Let now a current be sent through the cell of such 
a value as to produce a current density i in the position 
occupied by the exploring points, and of opposite 
direction to the impressed current I. Since the line 
joining the exploring points follows the stream-line 
direction, i may be taken as being constant along that 
line. Hence the potential difference be^een the equi- 
potentials passing through the exploring points due 
to a current depsity i is obviously if^, where p is the 
resistivity of the electrolyte and d, as before, the distance 
between the exploring points. Let the impressed 
current I be so adjusted that the potential difference 
between the exploring electrode is zero. Hence we 
have 

ipd = IpE' 

. r 

whence ^ 

This equation gives the current density i in terms 
ofjhe balancing current T, which is read on the imlliam- 
i^ter, c being the constant of proportionality given by 


o 



1 , d — a 
dbir a 


In the following experiment various readings of 
elemental current were taken in the neutral plane by 
the method just described, while tlie main current 
through the cell was kept constant at 2 amperes; 
corresponding readings of potential gradient were also 
taken on the electrometer. The results are shown in 
Fig. 16. The effective resistance between the exploring 
points has been calculated from the ratio of correspond¬ 
ing ordinates of both the potential gradient and current 
curves. The resistance graph is shown to be a straight 
line parallel to the x axis, i.e. the resistance is constant. 

This result proves the validity of Ohm’s law for 
any elemental current in the electrolyte. Furthermore, 
it shows that the potential gradient at any point can 
be replaced by the current. The latter result is in¬ 
structive. as it provides^ experimental proof of the 
conjugate property of stream and equipotential lines, 
so that we have 

. dl 1 dF 1 d^ . 

dx p dy p ax 

\b - , 

or f = 2 - = M 

P 

which is i(f|^ntical with the expression given on page 302. 

We can now calculate the geometric resistance 
between the exploring electrodes by applying Equa¬ 
tion (19) and substituting the actual dimensions of 
these electrodes. Thus we have 




* The exploring electrodes used were insulated all over with paraffin wax 
with the exception of a length of 6 mm near their extremities which was l«t 
uninsulated, ^e extremities themselves were also wax-insulated so that the 
end efteot was thereby diminated. 


Hence 

jj' = -i-log9 = 0-637 X 2-197 = 1-4 
O-Stt 


Now we have from the resistg^ice graph (Fig. 16) 
jj — 70.5 ohms, hence the resistivity of the electrol 3 rte 
can be deduced thus :— " e 

^ _ 50.3 ohms/cm^ 

E' 1‘4 

and the conductivity is therefore given by 
k = 0'0199 mho/cm® 

Confirmation of results .—It is evident from the above 
discussion that the ordinate of the current curve shown 
in Fig. 16 when multiplied by c gives the current density 
in the neutral plane. Since the total current emanating 
from tire front and back sides of the electrodes passes 
through the neutral plane, it follows that the line integral 
of the current density in this plane gives the current 
flowing in a horizontal slice of the electrol 3 rtic cell 
1 cm deep. This can be obtained by taking the area 
of the current curve and multipl 3 dng it by c. The total 
current in the cell can then be calculated from the dimen¬ 
sions of the electrodes and the lateral and bottom margins 
as follows:— 

Nufnericcd calculations .—^Electrode dimensions (im¬ 
mersed surface) = 13-6 X 10 cm^, and bottom margin 
= cm. The current curve (Fig. 16) extends from 
th^ central line of tlie electrodes to the walls of the glass 
vessel, so that the laterg,! margin (winch is the same on 
either side of the electrode) is included in the current 
curve. Hence the area of this curve multipliecb by c 
gives half the current sheet flowing in a slice 1 cm deep 
taken horizontally through the ceU. 

The current area for the bottom margin can be esti¬ 
mated by producing the current curve (Fig. 16) to a 
point 11-1 cm from the electrode edge, which is tlie 
length of the bottom margin, and taking the correspond¬ 
ing area from this curve. Hence we have;— 


Area of current curve (Fig. 16) 
from the electrode centre to the 
vessel wall 

Current area for a horizontal 
slice 1 cm deep « 2 x 42*35 
Current area per cm length of 

bottom margin. 

We therefore have 
Current volume in the inter- 
electrodal and lateral space 
= 84-7 X 13*6.. 

Current volume in the bottom 
marginal space = 24*0 X 10 


s=; 42*35 mA-cm 

=. 84*7 mA-cm 

r 

=:: 24*0 mA-cm 

= ITSO mA-cm* 

= 240 mA-cm* 

1 390 mA-cm* 
= 1-39 A-cm* 


Hence total current through 
theceU= 1-396= 1-89 X 1-4 = 1-95 amperes 
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Actually the current in the cell was kept constant in centage of the total current and would probat8y account 
the above test at 2 amperes, so that the discrepancy is for the above discrepancy. ^ 

about 2*6 per cent. It will be npticed, however, that the An important conclusion which may be drawn from 




Fig. 17.—Chart for finding the geometric conductance of an electrolytic cell with plane parallel electrodes. 


current issuing from the corner points of the electrodes the above experimental results is that at any point in 
is not taken into account in the above calculation, as the electrolyte stream lines rigidly follow the direction of 
the flow from these points is no longer two-dimensional. electric stress, so that an electrolyte may be taken to 
It is conceivable that this current is only a small per- represent a perfect homogeneous medium with something 
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approachiiig mathematical precision: Thus a. homo¬ 
geneous dielectric such as air may be represented by 
an electrolyte in which the measurement of current 
would give to a certain scale the dielectric flux, which 
is otherwise impossibie of measurement by direct 
experiment. 

The importance of this result fles in its application 
to the practical measurement of such electric quantities 
as may be determinable by the measurement of the 
dielectric flux involved, e.g. the capacity of an irregular 
sysj:em of conductors. The method of procedure would 
be to take an electrolytic analogue of the dielectric 
circuit and measure its conductance, then to talce 
another siriiple S 3 ^tem whose capacity can be calculated 
mathematically (such as two parallel wires) and measure 
its conductance in the same electrol 3 d:e. The required 
capacity can then be found from the ratio of the two 
ccHiductances and the known capacity of the two wires. 

4 . Calculation of the Geometric Conductance of 
AN Electrolytic Cell having Plane Parallel 
Electrodes, 

Consider first the case of two plane parallel elec- 
trcdes such as those shown in Fig. 3. The geometric 
conductance in two dimensions is given by the line 
integral of the stream lines issuing from either electrode 
per unit potential diflerence, or by Equation (4) 



In order to evaluate if/ in this equation the simpler- 
way is to take the stream flux on the lower plate AB in 
Fig. 3, as this represents the sum of stream lines 
©tnanating from the front and back sides of the upper 
plate CD. This flux is given by Equation (16), viz. 

TT 

and hence jK' = ^ ~ - log {— 1 — «) . ♦ . (20) 

V 7T 

• Equation (20) thus enables us to find in the case 
tinder consideration the geometric conductance ’of the 
^ectrofyte between any assign^ boundary values of 
where t yari^ from — 1 to — oo. 

In order to express the dimensions on the electrolytic 
cell in terms of t we have from Equation (16) 

f = l{i_log(-1-*)} . . . (21) 

il TT 

Hence Equation (20) gives 

= /(«) = fi<clh) [by Eqn. (21)] 

SO that the geometric conductance for tlie above case 
can now be calculated by means of Equations (20) 
and (21).; 

•We shall now proceed to deduce similar expressions 
iok the geometric conductance between two parallel 
plane electrodes placed opposite to each other in ah 
electrol^^tio cell. 

Imagine a lamina placed in tlie neutral plane so as 


to divide the cell into two equal sections symmetrically 
situated about the neutral plane. Each section will then 
be analogous to the case considered above. The mtxo- 
duction of such a lamina does not affect the original 
distribution of current in the cell, as it coincides wiih an 
equipotential surface, viz. the neutral plane. Since the 
two halves into which the cell is thus divided are in 
series with each other, the resultant conductance is 
obviously half of each and is therefore given from 
Equation (20) by ^ 

= . . . . ( 22 ) 

« 

Thus Equation (22) gives the geometric conductance 
of the cell in two dimensions, i.e. the geometric con¬ 
ductance of a slice of unit depth taken through the cell 
normal to the electrode planes. 

Construction of a Chart for Finding the Geometric 
Conductance of an Electrolytic Cell with 
Plane Parallel Electrodes. 

We can now construct a ,chart for finding the geo¬ 
metric conduci^ce of an electf bl 3 rtic cell or any portion 



Fig. 18.—Measurement of the conductance of ati electrolytic 
,cen. 

of the electrolytic circuit between two assigned limits, 
by taking various values of ^ in Equations (21) and (22). 
Such a chart, shown in Fig. 17, gives the geometric 
conductance in terms of xfh, where h is half the electrode 
spacing and ar the distance measured from the electrode 
edge, and has the following significance : 

(а) For the inter-electrodal space, a? is Jo be taken 
equal to one-half tb.e width of the electrode, and xjh is 
taken in the chart along the positive side of the x 
axis. The corresponding ordinate of the curve gives 
the geometric conductance of half the inter-electrodal 
space. 

(б) For the lateral space or the marginal space beneath 
the electrodes, a? is equal to the distance from the electrode 
edge to "the boundary wall of the containing vessel, and 
x/h is taken in the chart on the negative side of the 
X axis. The corresponding ordinate of the curve gives 
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the geometric conductance of that portion of the cell 
to which X refers. 

In order to illustrate the use of the chart we shall 
take the following simple example: 

To find^ihe geometrio conductance per unit depth ^of 
an electrolytic cell having the following dimensions :— 
Electrode width s=s 20 cm 
Lateral margins = 6 cm each 
Spacing ^ =10 cm 

(a) For the inter-elecirodal space 

X _ I (Electrode width) ^ _ g 
\ (Electrodespacing) 5 

From the chart (Fig. 17) the^ conduct¬ 
ance K' of half the inter-electrodal 
space = O’965 

(5) For one marginal space 

X _ Marginal distance _ ® __ j, .2 
^ J (Electrode spacing) 5 

From the chart the conductance 
of marginal space .. .. .. =0*315 

Hence the geometric conductance of 
one-half of the cell per unit deptli = 0*065 -|- 0*315 

= 1:28 

and the geometric conductance of the. 
cell per iMt depth is therefore •.' = 2*56 

It may observed from Fig. 17 that for large values 
of xjh the ‘geometric cojnductance ctirve is practically 
a straight line, -v^hidh, wjhen produced, cuts the x axis 
at the pohl: xjh^ 0*1. A formula can therefore be 
deduced which gives the geometric conductan«^e for 
values of x‘lh beyond the range shown in the chsirt. 
Let d be the angle which the* straight line part of the 
curve produced with the x axis. Then we have 

K' = [(xlhy-O-l] tana 

where tan a! = 0*5 (approximately) .* 

Therefore iC'= 5 [(»/A) - O-l] 

This forrbula gives lihe geometric conductance of 
half the ini^r-electrodal*space, so that for tlie whole of 
that space we get 

K'^Xxlh)-0*1 

The same chart can be used for cases where the 
electrodes are .of unequal dimensions, e.g, the case 
shown in Fig 3, discussed at the beginning of this 
section. H^re h is to be taken as tlie total electrode 
spacing, and x will have ihe sanie significance as. explained 
above. The geometric conductance, however, mil b6 
twice that given by the chart for any particular value 
of xlh. 

The total geometric conductance of the cell (in three 
dimensions) can now be easily calculated from the elec- 

* The olthnate value of tan a {$ at a distance sufficiently remote ftom the 
edge so that the deld. becomes uniform. For if is be the width of a portion of 
the inter-electrodal space lying in such a uniform field, and 2ft its length (electrode 
spacing), the geometric conductance, i.e. the cpnductance for unit conductivity, 
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trode and marginal dimensions of the 03 II, an shown in 
the table.* 

Confirmation of Results. 

In the table on page 316 the«geometrio conductance 
of the electrolytic cell experimented with was calculated 
for different electrode* spacings by the use of the chart 
(Fig. 17). The actual conductance of the cell was 
measured experimentally for the same spacings, and 
the results are shown in Fig. 18. The conductivity 
of the electrolyte was then deduced from the ratio of the 
measured conductance to the corresponding geometric 
conductance obtained by calculation. The average 
value works out as 0*0191 mho/cm^.« 

In order to verify the results thus obtained the con¬ 
ductivity of the actual electrolyte was determined in a 
separate experiment arranged specially for the purpose. 
A description of the apparatus and the method used 
is given in Appendix 2. The value obtained for tlie 
conductivity was 0*02 mho/cm^. 

Conclusion. . . 

Inspection of the previous table shows that the values 
of conductance calculated by the use of the chart 
(Fig. 17) are in fair agreement with those obtained 
experimentally. 

The proportionality of geometric conductance to 
‘ conductance* is obvious from the table. The average 
' conductivity obtained by calculation works out at 
’ O-Olfil, against 0*02 obtained by direct experiment (see 
Appendix 2), with a difference of 4 per cent, which may 
be permissible in a calculation of this description. 
This result also compares favourably with the value of 
the conductivity obtained in Section 4; where its calcula¬ 
tion by a different method gives 0*0199 mho/cm®. 

Some Practical Remarks. 

Some interesting deductions may be made from the 
previous discussion, which may be of use to the designer 
of ordinary metal-refining tanlcs and liquid rheostats. 

It will be observed from Fig. 17 that the value of the 
margin in contributing to the conductance of tlie cell 
per unit of its length decreases as we recede from the 
electrode edge. The most useful part of the margin 
in this respect appears to extend from the electrode 
edge to a point xJh = 2. Any increase of margin 
beyond this point adds comparatively little to the 
conductance of the cell. The rate of increase of con¬ 
ductance approaches .zero as a limit. 

It may be added that for a given size of electrode the 
relative contribution of the margin to conductance 
increases with electrode spacing, and coriVersely. An 
economical limit can be determined by consideration 
of tlie relative size of tank and electrodes to giVe a 
specified conductance. 

A practical illustration of the use of the above results 
is afforded where graphite or some similar expensive 

• Electrodieniists use the term ** cell constant ** to denote what we have 
called the ** geometric conductance ** of the cell. It is determined expenment- 
ally for any particular cell of given configuration by using an electrolyte of 
known conductivity and measuring the conductance of the cm by the well- 
known Kohlrauch or similar method whence the cell constant is deduced. 
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substance ^s employed as one of the electrodes. The • 
c^uestion arises in this case as to how far a diminution 
of the electrode area can be compensated for by the 
lateral conductance of the electrolyte. 

The results are probably equally important to the 
electrical engineer in the design of equalizing bars and 
heavy busbars of short length. They show the impor¬ 
tance of making contact over the whole end of a heavy 
bar in order to utilize fully the metal of the bar. 

In conclusion the author wishes to express his cordial 
thanks to Professor W. Cramp, D.Sc., for his helpful 
advice during the course of the present investigation 
as well as for reading the paper in manuscript. The 
whole of the work has been carried out at the University 
of Birmingham. 


(3) The concentration of the electrolyte was kept 
constant throughout the various tests, and a constant 
level was maintained in the cell. The solution contained 
100 grammes of copper-sulphate crystal per litre. 

(4) It was noted that when the current was fir^t switched 
on, the first set of readings were sometimes erratic and 
inconsistent with subsequent tests. It appears as 
though this was due to want of uniformity in the ioniza¬ 
tion of the electrolyte at the start. It was therefore 
arranged to allow about 16 minutes before taking any 
readings. It is significant that such an allowance was 
not necessary after a reversal of'^current, but only at 
the beginning of each working day. 

(6) As a rule, when the current was kept constant in 
any particular test the P.D. across the electrodes also 


Calculation of the Geometric Conductance of the Cell experimented with for Various Electrode Spacings. 


Dimensional data: 

Electrode height (immersed) 
Electrode width .. 

Lateral margin 
Bottom margin .. 

Electrode spacings: 12, 10, 8 and 6 cm. 


= 13*6 cm 
= 10*0 cm 
= 9-0 cm 
= 11-1 cm 


Section 



2A«=10 

2A--8 

II 

(A) Inier-electrodal {x =* 6) 


0-833 

1 

1*26 

1*66 

K* for half the inter-electrodal space from Fig. 17.. 


0*376 

0*46 

0.683 

0*793 

2K' . 

s 

0*75 

0*92 

1*166 

16*86 

Total (13-6 X 2K') . 

= 

10*2 

12*51 

16*85 

21*6 

[B) Lateral margins (a; = 9) 
xjh • • 


' 1.6 

1*8 

2*26 

3 

K' ,(6ach margin) . 


0*36 


0*45 

0*606 

(two margins) .. .. 

= 

0*72 

i 

0*9 

1*01 

Total (13-6 X 2E') . 

= 

9*8 

10*88 

12*22 

13. 

(C) Bottom margin (a? = 11*1) • 

. $ . 

K' . 


1*86 

2*22 

2*78 

3*7 

= 

0*406 

0*446 

0*49 

0*546 

Total (10 X iCO. 

= • 

4*06 

4*46 

4*9 

5*46 

(4 + B + <7) = S«'. 

= : 

24*06 

27*84 

32*97 

40*77 

£: = 0 02jK:'. 

=s: 

0*481 

0*6668 

0*669 

0*816 

K"* (measured). 

as 

0*485 

0*535 

0*61 

0*764 

k = jECYSK:' . 


0*02 

• 

0*0193 

0*0185 

0*0188 


APPENDIX T. 

Some Remarks on the ItoxHon of Procedure in the 
® Experimental Work. 

(1) In order to equalize the deposit on both electrodes 
as much as possible, the current was reversed in the 
cell roughly every 30 minutes, which was about the 
duration of each test. 

(2) The temperature of the electrolyte was observed 
at the beginning and end of each test. Owing to the 
large volume of liquid used, the actual rise of temperature 
was not more than 3 degrees C. 


remamed constant, but in some tests, espedaJly with 
higher values of current, slight variations of PID. or 
current were apt to take place in such a manner that 
their ratio was no longer constant, indicating a variation 
in the conductance of the cell. Since the temperature- 
rise was small and the concentration ’was kept constant, 
it was considered unlikely that such fluctuations would 
arise from changes of the resistivity of the electrol 3 rte, 
but rather from variations of contact resistance at the 
electrode surface, caused chiefly by the formation of 
gas bubbles. It was therefore decided to keep the 
current 'rigorously constant, in order to maintain a 
constant potential difierence at the boundaries of the 
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electrolyte, which is essential for the purpose of com¬ 
paring observations with mathematical results, and 
to note the variations of P.D. as they occurred. 

(6) If tests taken at different times be compared, a 
slight difference may be observed in the results. This is 
due to alte?ation of tlie surface condition of the electrode 
by electro-deposition, which has the effect of altering, 
sometimes appreciabl}^ the conductance of the cell. 


APPENDIX 2. 

Determination of the Conductivity of the 
Electrolyte. 

The apparatus employed is somewhat similar to one 
used by S. W. J. Smitli * and H. Moss for the same pur¬ 
pose. It consists of two bottles connected near their 
bottoms by a horizontal tube (see Fig. 19). The bottles 
and connecting tube contain the electrolyte whose 
conductivity is to be measured. Current is sent through 
the electrolyte by means of electrodes placed in the 
bottles. Two auxiliary electrodes are inserted in the 
tube near its ends and connected to an electrometer 
by means of leads which pass through two mouths 

• Proceedings of. the Physical Society of London^ 1913, vol. 25, p. 183. 


. having rubber stoppers in the tube. The fall of potential 
across the electrolyte in the tube is measured on the 
electrometer and the reading compared with that 
across a known resistance; in this way the required 
resistance is found. • 



Fig. 19.—Apparatus for measuring the conductivity of an 
electrolyte. 

The internal cross-sectional area of the tube is deter¬ 
mined from the mass of distilled water which would 
fill a measured length of the tube. 

Various readings were taken for different currents, 
giving consistent values of the resistance of the electrjft- 
lyte. The conductivity works out at 0 • 0202 mho/cm®. 


RAILWAY ELECTRIFICATION IN FOREIGN COUNTRIES. 

By Stanley Parker Smith, D.Sc., Member. 

(Abstract of a Lecture delivered before The Institution Zrd January, hefote the Western Centre 7th January, before the 
North Midland Centre 2,2nd January, before the South Midland Centre 16^^ January, and before the Scottish 
Centre \2th February, 1924.) 


As I wish;fco treat the subject of railway electrifica¬ 
tion as objectively as possible, I propose to deal with 
the various counixies in alphabetical order. It will be 
noticed from the title that I propose to consider only 
what has been done in foreign countries ; in fact there 
is nothing to say about the electrification of long¬ 
distance railways, in Great Britain. 

« Austria. 

I wish to give some idea of the work that has been 
going on largely since the war. Before the war Austria 
had already had experience with electric railways, and 
just prior to hpstihties the line known as the Mittenwald 
railway, which runs from Innsbruck to the German 
frontier, then into Bavaria, back again into Austria 
and so on to Reutte, was built as an electric railway 
and equipped on the single-phase system. The fre¬ 
quency was raised from 16 to 16| cycles, in accordance 
VOL. 62 


with the common practice of Germanic countries. This 
is a privately-owned railway. The power is obtained 
from the station at Rutzbach, which is now also supply¬ 
ing the power for the Arlberg Railway. Another rail¬ 
way which was running before the war was the pilgrim 
and tourist line from St. Pdlten to Maria Zell. Origin¬ 
ally this was a steam line. It was converted to electric 
working in order to increase the traffic facilities, and it 
has been a success ever since it was opened.» There are 
several water-power stations, and at St. Pdlten there is a 
Diesel engine station run from Galician crude oil. An¬ 
other railway which was opened just before the war—also 
a private line—runs from Vienna to Pressburg in Hun¬ 
gary. This line is a direct-current line at the termini, 
while single-phase locomotives haul the trains in the 
open country. 

The position of Austria after the war was a very 
serious one, and it was therefore important to utilize 

22 
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her water? power in order to reduce coal imports. The 
country is very mountainous, and water power is 
fairly plentiful. The worst problem the Austrians had 
to face was the Arlberg line which connects the route 
from Lake Constance <:o the capital through Innsbruck 
—^the main east and west route through Austria. The 
Arlberg Tunnel gave considerable difficulties in the old 
dual monarchy, but for various reasons, particularly 
strategic, nothing was done in the way of general electri¬ 
fication. This line was commenced first. The hydro¬ 
electric station at SpuUersee is fed from a large storage 
lake, which can be drawn on during peak loads, frosty 
weather and droughts, and serves also as a general 
reserve. This s^tation will work in parallel with the 
Rutzbach station. 

In July 1920 the National Convention decided on a 
general electrification scheme and made a five years' 
programme for the conversion of the Arlberg, West, 
Tauern and Salzkammergut lines. In July of last 
year (1923), the Innsbruck end of the Arlberg line was 
opened for electric working. It is interesting to mention 
that the 56 000-volt supply cables, instead of being 
taken through the tunnels, are led over the Arlberg 
and Korntauem passes. These passes are often inac¬ 
cessible in winter so that the construction has to be 
very rigid. 

The system which the Austrians chose was the single¬ 
phase system with 16 000 volts at the contact wire, and 
a frequency of 16| cycles. They had had previous 
experience with that system, and were accustomed to 
the manufacture of the machinery. They also found 
that for various reasons it would be the most economical 
one. The power is to be supplied mainly by railway 
generating stations, though in the south power may be 
bought from private companies. Generally speaking, 
however, the Federal railways are equipping their 
own stations. 

France. 

The scheme commenced by the French since the wax 
is probably of much greater extent than that of any 
other country. Their experience of coal shortage and 
the need for using the natural resources have probably 
had considerable influence in m-ging their decision to 
make rapid progress with^ailway electrification. Before 
the war a certain amount of work on the single-phase 
system had been done by the Midi group, chiefly on 
lines running into- the P 5 n:enees. This was successful, 
but in accordance with the decision which was ratified 
by the French Government, that work has now been con¬ 
verted into.the national system, which is direct current 
at 1 600 volts. This system is to be used for the Midi, 
the Orleans, and the Paris, Lyons and Mediterranean 
Railways. ♦ The power for these railways is to be ob¬ 
tained from a national three-phase, 60-cycle, 160 000- 
voit network. Water power will be utilized wherever 
possible. There is a great deal of power available in 
the Vyxenees, in the Massif Central (Central Plateau) 
and in the Alps. . In addition to this immense water 
power resource, ther are large steam stations at Paris, 
Gennevilliers (which has been recently opened) and other 
stations in the course of construction. Where the 
distances are shorter, transmission voltages lower than 


160 kV will be used. The pressure will be transformed 
down and converted either by means of 1 600-volt, 
60-cycle rotary converters, by mercury rectifiers, or by 
the older method of using two 7 60-volt rotary converters 
in series. As these matters have been recently de¬ 
scribed before the Institution,* it is not necessary for 
me to dwell very long on prance. It may be well to 
say that the scheme is simply enormous in extent. 
Rach of these railways is contemplating something like 
2 000 to 3 000 km oi route electijLfication, so that the 
20 years' programme which they have arranged is 
perhaps something that no othei® country has hitherto 
attempted. 

As regards the work already done, the Pans—Orleans 
route is now electrified for a considerable distance. 
The Midi is probably further ahead than any. On the 
P.L.M. very little has been done as yet. The Culoz- 
Modane line has been chosen as the experimental section, 
and it is hoped next to get on with work round Nice, 
and on the C6te d'Azur. 

With regard to the locomotives, the goods engines 
are pretty well standardized, mainly on the American 
model, while* for the express locomotives the French 
are building a large number of types for experimental 
purposes. 

With regard to the mode of collection, it is not the 
object of this lecture to open up or continue any of 
the academic discussions which we have from time to 
time; but one question of perennial interest, in common 
with the choice of system and whether power should be 
generated by the railway companies or obtained from 
supply authorities, is whether the current should be 
collected from a third rail or from an overhead wire. 
With a d.c. pressure of 1 600 volts it is exceedingly 
Hiffi rnlt to decide which is the better method. The 
French therefore decided that all the rolling stock should 
be made available for collecting the current either from 
an overhead wire or from a third rail. The result is 
that many of the lines are using both methods; but 
some of the lines appear as much prejudiced in favour 
of the overhead system as other lines are prejudiced 
in favour of the third-rail system. I mention this to 
show that just on the border-line of 1 600 volts d.c. it is 
almost impossible to know what ’ to do; one can get 
as many divisions of opinion on that as on any other 
sharply divided subject. % 

Germany. 

Before the war Germany had already started in Prussia, 
in Bavaria and in Baden to experiment on electric 
traction, using the single-phase system. In 1920 the 
German railways, which were previously State railways, 
were federalized. The Reich immediately set on foot 
an inquiry into what system should be adbpted for the 
electrification of the railways, because the condition 
of the coal supply was not much easier in Germany than 
it was in her neighbouring countries. The result of the 
inquiry was to confirm the use of the single-phase system. 
That system had been adopted already and they found 
it would be best to continue with it, except for the 
Berlin railways. It Tyas originally intended to make 
Berlin part of the general scheme in order to utilize 
* Joufwd 1024, vol. 62, p. 218. 
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existing rolling stock, but that scheme was found to be 
unsuitable owing to the enormous post-war increase of 
traffic, which made it necessary to use motor coaches. 
In view of this it was found more desirable to use direct 
than alteijiating current, as the service could be made 
denser and more in accordance with suburban needs. 
Further, the equipment for motor coaches was cheaper 
with direct than with alternating current. It was 
therefore decided to equip the urban, suburban and ring 
lines of Berlin with«600 volts (d.c.), third rail. The rest 
of the system is to be single-phase throughout. It is 
not easy to state to^ what extent Germany's decision 
to use the single-phase system led France to use a 
different system, but it would be reasonable to assume 
that the two countries would not adopt the same 
system. 

As so milch has been said in connection with interfer¬ 
ence with communication circuits, it is rather interesting 
to note that in France it was given as one of the decisive 
factors that direct current causes less disturbance to 
communication'* circuits than does alternating current. 
In Germany disturbances had, of course, been caused 
by alternating current, but here the argument was that 
in any case it is unsound practice to have a high-tension 
overhead wire near a communication circuit. In other 
words, the Germans consider that the right procedure is 
to remove the communication circuits from the track. 
When once the telephone wires are removed it does 
not matter, of course, which system is used, from this 
point of view. Thus one country gets over the inter¬ 
ference trouble by using direct current, and the other 
by removing the conlmunication circuits from the track. 
In trying to*determine which system is really the better 
financially (both systems are technically sound), a,great 
deal depends on such subsidiary questions as lv)w 
much it will cost to remove th^ communication circuits 
when alternating current is used, and how much the 
prevention of electrolytic troubles with direct current 
will cost. 

Coming to the Prussian lines, the Silesian moun¬ 
tain railways are worked from the steam station 
at Mittelsteine, and have been extended considerably 
since the war. In Saxony there is the experimental 
track Leipsic-Halle, etc,, in an important industrial 
district. Power is supplied from Muldenstein— 
station worked with lignite fuel too poor for steam 
locomotives. 

The Wiesental line in Baden has been working for 
some years. It is really a small valley line efectrifled for 
experimental purposes, and is fed from a hydro-electric 
station at Augst Wyhlen on the Rhine. 

In Bavaria an "enormous 100-kV ring main encircling 
the country from Munich to Nuremberg is being 
erected. Power will be mainly obtained, from a large 
hydro-electric station at Walchensee and from stations 
on the Middle Isar River. These stations will all 
be linked up. When this scheme was under con¬ 
sideration, the railways obtained rights to put down 
their own pipe lines and their own generators in the 
stations then being built for the Bavarian ring main. 
These stations are tiierefore divided into two distinct 
portions, a traction part (single-phase) and the general 
netivork part (three-phase). It was more economical 


to obtain traction power in that way that? to build 
separate stations: otherwise the systems are inde¬ 
pendent. The traction energy is generated in the form 
of single-phase current at 16f cycles, so that for the 
track it only needs to be transfdhned down in the sub¬ 
stations to 16 000 volts. 

About 10 or 16 yeSxs ago gears were very little used 
in locomotives; in fact they were then in but a semi- 
developed state. Germany tried almost every conceiv¬ 
able arrangement with side rods and cranks. The 
methods that were used in America did not s^em to 
be very popular in Europe. Now there is, as we have 
seen, much greater freedom. In France gearless loco¬ 
motives are used with the armatures^n the axle, and 
the geared quill drives are also becoming very popular. 
Later, gears with side-rod systems began to be used in 
Germany, while the Austrian t 3 ^es are very similar. 
Germany has now more or less standardized her drives, 
and only one of the six standard locomotives is without 
gears. Tins gearless locomotive has proved very satis¬ 
factory, and is being kept for express work; but for 
all the other cases it is cheaper to have a geared loco¬ 
motive. We have to remember, however, that gearing 
was not altogether feasible some years ago. Attention 
may be drawn to the individual-axle drive, due ^ 
Buchli, which was developed in Switzerland, where it 
appears to have been a success. It is now being tried 
both in Germany and in France, sometimes with alter¬ 
nating and sometimes with direct current. This drive 
has proved very attractive: it overcomes in a very 
practical manner the difficulty of transmitting the 
power from a spring-borne motor to a non-spring-borne 
wheel. 

Hoixand* 

It was originally intended here to use single phase— 
indeed a short single-phase line has been working for 
some years from Scheveningen to Rotterdam; but on 
further conrideration the Dutch decided that as they 
wanted to utilize the existing power stations and as the 
distances were relatively short (Holland being a small 
country) it would be better for their purpose to use 
1 600 volts d.c. One of the decisive reasons was that 
in Holland the railways are extensively used for tele¬ 
graph and telephone circuits, 'and it would be a matter 
of some difficulty to remove them. They have decided, 
therefore, when they proceed, to use the d.c. system. 
The first line that they hope to electrify when necessary 
is from Rotterdam to Amsterdam. 

i 

Hungary. 

This country has practically no water power and very 
little coal resources. It has no locomoti’^e coal, and 
yet it must do something to make itself independent 
of imports. The scheme that is being put forward is 
to have a national three-phase, 60-cycle network, 
obtaining the power from fuel stations fixed with brown 
coal (lignite) or peat. The power for the railways would 
then be obtained by taking separate phases along 
the various routes so as to equalize the load as reasonably 
as possible. The standard a.c. commutator motor for 
traction work at the present time is that known as 



820 SMITH: RAILWAY ELECTRIFICATION IN FOREIGN COUNTRIES. 


the neutfalized-series ** motor, but for successful work- | 
ing a low frequency is necessary and it would not be 
suitable for use on such a 50-cycle system. I think 
that one reason why some countries in Europe have 
been so successful with alternating current is because 
a lower frequency has been adopted. For instance, 16f 
instead of 26 cycles is used on the Continent. Hun¬ 
gary, however, wishes to use 60 cycles, and for that 
purpose the a.c. commutator motor is not a success as 
a traction machine. It is hoped, therefore, to over¬ 
come the difficulty by using what is known in America 
as the split-phase system. On the locomotive a 
phase converter is to be used to supply the three-phase 
induction motors used for dri-ving the locomotive. 
.The system is in successful use in America. 

Italy. 

This country is really the cradle of railway electrifi¬ 
cation in Europe: the Valtellina railway was about 
the first example of European main-line electrification. 
At that time the three-phase system was practically 
the only system available. The d.c. arrangement then 
was in its infancy for main-line work, and the single¬ 
phase system had not yet proved a success. The three- 
phase system entails a double overhead conductor, 
but when this is said its worst disadvantage has been 
mentioned. A frequency of 16 cycles was adopted for 
two reasons. The inductive drop was small, but perhaps 
the more important matter was that the speed of the 
motors was more suitable. Gears were not used on 
locoihotives at that time; they were a later develop¬ 
ment, so that in the early years of this century when 
Italy began to electrify her railways there was good 
reason for adopting a low frequency of 16 cycles in order 
to get a suitable speed for her gear][ess locomotives. 
This conversion proved a success, and in 1909 and sub¬ 
sequently the railways known as the Giovi lines were 
electrified. ^ These have the heaviest train-movement 
in Italy. There is an enormous traffic from Milan 
to the port, and in crossing the Apennines there are 
many tunnels. The Giovi tunnel had a . very bad 
reputation for foulness, and electrification has solved 
that problem completely. The line from Savona to 
Ceva, on the way to Turin where the railway crosses 
the Apennines, was also electrified. The Mont-Cenis 
Une was next tackled and for some years now the 
tunnel has been worked with three-phase locomotives. 
There has thus been a tremendous amount of work 
done with three-phase electrification in Italy. It is 
easy to criticize this system now that we have other 
systems which are perhaps simpler and, as we may 
riiink, better, but we are trying to look at the matter 
as objectively as possible, and I think he would be a 
bold man ^ho would say that Italy had not done well 
with her three-phase system. It has solved practically 
all her difficulties. The earlier motors, it is true, ran 
,at only two speeds, but there are now locomotives 
that will run at three or even four speeds and which 
appear to fulfil the conditions of the service admir¬ 
ably. It is true that, with the double overhead 
wire, the voltage has hitherto been kept rather low 
(about 3 000 volts), but nevertheless I think the 
greatest credit has to be given to the Italian engineers 


for their pioneer work in developing a system which 
up to this day has not had to be replaced. 

Future work will extend into the Peninsula. In the 
Rome district the standard frequency will be 45 cycles 
and the power will be taken from the existing networks. 
A higher voltage will be used on the track. Thus it is 
intended to try the three-phase system at 46 cycles 
and 10 000 volts with geared locomotives. 

Scandinavia.^ 

This is a Germanic country and we must not be sur¬ 
prised to find alternating current used again. The Riks- 
gransen line has been worked electrically for some years. 
It is the most northerly railway in the world and 
lies practically within the Arctic Circle. 

This Lapland railway was built for transporting the 
rich minerals mined at Kiruna and Gellivare. There is 
a considerable heavy traffic down to the port of Lulea 
on the Gulf of Bothnia and to Narvik on the Arctic 
Ocean. The power is obtained from a hydro-electric 
station at Porjus. The electrification is now being 
extended through the Norwegian part from Riksgransen 
to Narvik by what is known as the Ofoten railway, so 
that soon the whole railway will be electrified. 

^he Swedes have also been working a good deal 
at the electrification problem of the Stockholm-Gothen- 
burg line, and have decided that the best system for 
their country is a single-phase overhead 16|-cycle, 
16 000-volt one. The power will be obtained from 
stations which are used for general industrial work. 

In Norway a little has been done. The Drammen 
railway was electrified at the same time os the gauge 
was altered, so that at that time there was a good deal 
of complication. Two light railways also are electrified, 
wlule the extension of the Riksgransen Railway to Narvik 
has already been mentioned. 

The original Riksgransen locomotive had no gears, 
developed about 1 700 h.p. and weighed about 138 tons, 
whilg the new geared locomotives give 2 900 h.p. and 
are about 10 tons lighter than the original. 

Switzerland. 

Of all countries probably Switzerland has done 
relatively the most with regard to her electrification 
schemes. In fact she is going ahead with it so rapidly 
that recently, when the unemplo 3 nnent question became 
so acute and it was necessary to do something to keep 
her works busy, she hastened the programme by 5 years, 
so that the work which was to have been completed 
by 1933 has now to be completed by 1928. This wiD 
entail the electrification of about 200Tan of route per 
annum instead of about half that amount.^ Years ago 
they commenced experiments in Switzerland and, as 
in other countries, ihe privately-owned railways were 
well to the fore. One of the oldest electrifications is 
the Burgdorf-Thun line, which wais electrified on the 
three-phase system. Next came the Simplon Tunnel, 
which was equipped with the three-phase system for 
practical reasons, three-phase power being available 
from the tunnel workings. They were alfeo able to 
take a couple of locomotives which were being built 
for the ValteUina railway. 
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During the wax, conditions were very serious, owing 
to coal shortage in Switzerland, and they therefore 
pushed forward the three-phase electrification as far 
as Sion in the Rhone Valley. The Loetschberg line 
was electrified from the outset. It was built to connect 
Berne wiili Italy, and was equipped on the single-phase 
system. 

The group of privately-owned lines, known as the 
Rhaetian Railways, is now completely electrified on 
the single-phase sysiem, power being bought from local 
supply authorities. 

As regards the Federal Railways, the matter has 
been subject to a good deal of consideration by a special 
Investigatory Committee, and it was ultimately decided 
to recommend the single-phase system with a high- 
voltage overhead contact wire and a low frequency. 
There was a good deal of argument for a long time, 
and when, during the war, they really had to begin 
to electrify the St. Gothard route they still did not 
decide on what they were going to do until the works 
at the Ritom power-house were so far advanced as to 
make a decision imperative; and then it was decided 
in favour of the single-phase system. Successful results 
were being obtained on the Loetschberg railway and on 
the Rhaetian group: in addition, their manufacturers 
were accustomed to the system, so that they could go 
ahead without hindrance. The whole of the St. Gothard 
line is now worked on the single-phase system, the 
supply being taken from the Ritom and Amsteg 
stations. 

With regard to new work, there is the Rhone Valley 
line, including the conversion from the three-phase 
to the single-phase system, and the new station at 
Barberine. , 

An immense variety of locomotives have been frjed 
in Switzerland. Some of thes^have been provided with 
regenerative equipment, but without very good results. 
The ^lace where one needs regenerative control—on 
the suburban lines—^is just where it is so difficult to 
get it. On Swiss lines so little energy is returned that 
it is almost better to use rheostatic braking, considering 
its greater simplicity. 

A few remarks as to the method by which the Swiss 
intend to equalize the load, i.e. to get a regular supply 
of power, may be of interest. The station at Ritom is 
on the southern side of the St. Gothard Tunnel. There 
is a lake which collects water in summer. This is drawn 
on in winter and during peak loads. The other station 
at Amsteg is fed from the river Reuss on -ttie nothem 
side of the St, Gothard Tunnel, The water is taken five 
miles through a pressure tunnel in the hillside, and then 
goes down a pipe line to Amsteg. In the winter there 
is not much water in the river, so that this station is 
mainly for summer traffic. Until the line is electrified 
up to Basle, these stations will not be, fully loaded, so 
l^at in the meantime the Federal authorities are instal¬ 
ling three-phase generators which will work on the 
neighbouring general supply networks. Generally 
speaking, however, the idea is to use their own stations 
for the railways, and as the railway load develops, the 
single-phase generators will take the place of the three- 
phase machines. The stations will then be used for 
traction solely, and will belong to the Federal authorities. 


United States of America. 

In the west there is the Chicago, Milwaukee and St. 
Paul Railway which was opened for electric working 
during the war. There is no lieed to say much about 
this line as a description illustrated by cinematograph 
films was given her® last year by Mr. Welbourn (see 
vol. 61, p. 800), and I do not suppose that any line 
has been more widely advertised. It is the longest 
electrified railway in the world, and it was originally 
unique in so far as it uses direct current at 3 000 volts. 
Previously the highest d.c. voltage had been on the 
Butte-Anaconda line (2 400 volts), for taking the copper 
ore from Butte to the smelting worics at Anaconda. 
The C. M. & St. P. Railway is a trans-continental 
route from Chicago to Puget Sound. Starting at 
Harlowton, the electrified portion crosses five ranges of 
mountains. Already the two heavy-grade sections from 
Harlowton to Avery and from Othello to the Puget 
Sound termini have been electrified, 660 miles in all. 
Ultimately nearly 900 nfules will be electrified. It: is 
a single track with very few trains per day, but these 
are very heavy. The locomotives are of about 3 000 
to 4 000 h.p. and weigh 200 to 300 tons. The power is 
bought from supply authorities owning hydro-elecriic 
stations, the peak load being definitely limited. This 
is a fine and interesting experiment with high-voltage 
direct current, and it had an enormous influence on 
the French in their decision to use direct current, 
though they decided to use half the voltage. 

In the west there is also the Cascade Tunnel electrifi¬ 
cation—the only three-phase case in the States—and the 
single-phase railway at Spokane. 

Coming to the eastern portion of the States, there are 
various tunnel electrifications. Where the tunnel is 
not a terminus the electric locomotive is simply hitched 
on to the steam locomotive and pulls the whole train 
through. At termini the steam locomotive is replaced 
by an electric locomotive to haul the train through 
the tunnel. 

The Norfolk and Western Railway is a heavy mineral 
line. In addition, there is the neighbouring Virginian 
Railway which they have now decided to electrify. 
It is practically the only electrification started in the 
States since the war, biit it is a very large scheme in¬ 
volving a contract of 16 million dollars. The Virginian 
Railway, like the Norfolk and Western Railway, is to 
be electrified on the split-phase system. Coal trains 
up to 9 000 tons will be hauled by locomotives giving 
12 000 h.p. 

The electrified lines in the east are chiefly centred 
about New York and Philadelphia. . Some of these 
railways are very much like the suburban railways round 
London, with very dense traffic, and opetate at 660 
volts d.c. The New York, New Haven and Hartford 
line works on the single-phase system at 11 000 volts 
and 26 cycles. Probably more single-phase development 
wprk has been done on this than on any other line. The 
locomotives work under the disadvantage that they 
have to enter New York, along the New York Central 
tracks, so that the single-phase motors have to be adapted 
to work on direct current also. . The result is a com¬ 
promise, for a single-phase motor, cannot be made to 
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work at its^'best on direct curr^t any more than a d,c. 
motor can be made to work at its best on alternating 
current. The Pennsylvania Railway has electrified some 
d.c. lines and also some a.c. lines. There is a scheme 
ultimately to extend tl& a.c. system to New York and 
to Washington. 

Passing now to the locomotive^ the individual-axle 
drives are the best known. One gearless type employs 
the nose or tram suspension for the motors, even for 
Hie very largest locomotives. In another arrangement 
a motor armature is mounted on every driving axle. 
A further type employs a quill round the driving axie, 
and the motors maybe either gearless or geared. Twin 
motors have becOme very popular in the geared drive, 
the two motors being connected in series in order that 
double the voltage may be used. Side rods are, or will 
be. used on locomotives on the Pennsylvania, the Norfolk 
and Western and the Virginian lines. 

On the split-phase locomotives there is a phase con¬ 
verter which converts the single-phase current into three- 
phase current for the three-phase induction motors 
which drive the axles through gearing. 


Conclusion. 

I feel that we ought to know as much about railway 
electrification as possible, because it is a matter that 
may affect us very seriously in this country. 

We have seen enormous developments ip the em¬ 
ployment of hydro-electric power. I think that this 
may affect us in two ways. It may in years to 
come decrease our coal exports, which is of course 
a matter of national concern, and on the other hand 
it shows us that there is an enormous amount of 
electrical development going on throughout the world 
in connection with both hydro-electric and railway 
equipment. I do not think that it matters much what 
the system is, but my feeling is that, whatever the work 
may be, our firms ought to see whg(,t they can do to 
take part in this great development. For this reason, 
they should be given facilities for obtaining experience 
on home railways—e.g. on single-phase equipment, by 
extending the electrification to Brighton; and on 
direct current by proceeding with the scheme on the 
North-Eastern Section of the London and North- 
Eastern Railway. 


Discussion before The Institution,, 3 January, 1924 . 


Lieut.-Golonel F. A. Cortez Leigh: The author 
mentions that in France it has been decided to electrify 
the railways on the d.c. system at 1 600 volts, and that 
the overhead system has been adopted for the greater 
pairt of the work, although the third-rail system is‘ to 
b used in certain sections. Can he tell us why the 
overhead system was not continued throughout, as I 
understand that most of the work has been done in 
conjunction with Hie Government ? The majority of 
recent main-line railway electrification schemes have 
been carried out in countries where water power is 
available, and this would point to the fact that the 
availability of ample water power has been the deter¬ 
mining factor. I should be glad if the author would 
confirm this view. What is the proportion of passenger 
traffic working to freight working in those countries, and 
what is the actual kilowatt-hour consumption for the 
two classes of traffic ? Another point on which the 
author's views would be most interesting is as to 
the reason why the unusual frequency of 46 cycles 
has been adopted in Italy, instead of that in use in 
neighbouring countries. 

Mr. G. W. Partridge : I am of the opinion that the 
principal factor which wiH determine what particular 
system shall be used for electric traction is not so much 
what will be the interference effect or the watts per 
ton-mile, or even the efficiency, but what is the cheapest 
system which will transmit the energy from the pcant 
where it is generated to the draw-bar of the train. C&n 
the auHior say what is Hie ffistance between the a.c. 
substations in Austria and in Germany? I should! 
also be glad if he would say if it is possible to design 
a motor which will work reasonably well with both 
single-phase and direct current. I have seen small 
motors working satisfactorily and I should Kke to know 
whether in the future it wiH not be possible to have 
larger motors which wiH work on the two systems and 
give reasonably efficient results. 


Mr. T. Stevens : Twelve years ago I was asked to 
go to a foreign country to lay out the electrification of 
a railway from water power. I^came to the conclusion 
that there was very much more profitable use for all 
available water power than was obtainable from the 
railway. I recommended that the railway should still 
be operated by steam and that all ^he output of water¬ 
power plant should be sold in near-by towns. I cite 
this «ase because the electrification of railways is, as 
jxtot mentioned by Mr. Partridge, a question of economics. 
If, as was shown in one case in the discussion on 
Mr. Bachellery's paper, 24 per cent per annum on the 
capital ouHay for dectrification can be saved thereby, 
it is worth while investing that capital. Where only 
6 per cent can be saved, as was also then shovm in 
connection with another railway, electrification should 
not be undertaken unless there are other substantial 
reasons to warrant that expenditure of capital. 

Mr. W. E. Highfield {communtcaied ): Quite apart 
from the economic advantages to the railways, there is 
an important reason why main-line electrification should 
not be delayed. We are an exporting nation, and electric 
railway manufactures are an important item of our 
exports. 9o far we have no great reason to complin; 
France, Japan, South Africa, Australia and New Zealai^ 
have all purchased electric railway material in this 
country. But it is a definite disad’^antage to manu¬ 
facturers to have no English ra!ilwa 3 ^ supplied 
their material. It is an advantage to be able to exhibit 
such 3 system but—and this is even more important— 
it keeps the manufacturer continually in touch with 
railway requirements and conditions. This advantage 
to the industry would be lost if the railway companies 
adopted thepoHcy of maamfacturing their own electrica] 
gear. That policy was adopted in the case of steam 
locomotives and it practically killed the manufacturing 
industry. As the author has stated, the battle of the 
systems is finished. From the manufacturers* pmnt of 
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view it is desirable that we should be able to compete 
in the world's markets both for single-phase and direct- 
current material, since it seems certain that both systems 
will be used impartially all over the globe. It would 
therefore be desirable to use both systems in this country. 
The main difficulty is the strategic one, for it is unthink¬ 
able that the systems should be such that free inter¬ 
communication would be interfered with. Prior to the 
adoption of 60 cycles by the British Engineering Stand¬ 
ards Committee, no manufacturer would have offered a 
60-cycle, 1 600-volt rotary converter on one commutator. 
These rotary converters are now in successful use, but 

North Midland Centre, a 

Mr. P, Furness : I noticed in the lantern slides 
that the locomotives have straight-cut gears which 
I should expect to be very noisy. Has there been no 
development of the helical and double helical gears 
on the electrical work which the author has described ? 

Mr. R. M. Longman : In some of the slides shown, 
the American locomotives apparently have outside 
seats on the front, and I should like to know for what 
they are intended. I thought that a considerable 
portion of the New Haven and Hartford lines had been 
changed over to direct current as a result of the contro¬ 
versy on the subject during the first few years of opera¬ 
tion. When one bears in mind the numerous papers 
on the subject of railway electrification which have 
been discussed before this and other Institutions in 
this country, it is rather surprising that we have made 
so little advance. Can the author tell us what results 
have been obtained with the main-line electric loco¬ 
motives which were so much referred to by Sir Vincent 
Raven about a year ago, and can he also give us ajiy 
information regarding the operation of the mercury 
rectifiers on the French railways ? 


it was the Committee's action that forced 'the manu¬ 
facturer to meet the demand. If interchangeabl 
running were insisted upon it might equally force a 
solution. If the technical difficulties cannot be over¬ 
come, the solution niay be found to lie with the traffic 
departments, whose views are not, in my opinion, made 
sufficiently public. 5f these were more generally made 
known they would modify many opinions on the subject 
of main-line electrification in England. 

[Dr. S. P. Smith’s reply to this discussion will be 
foqnd on page 324.] 

Leeds, 22 January, 1924. " 

$ 

Mr. A. F. Carter : I should be glad if the author 
would say whether difficulty is experienced in the 
collection of current from the line in snow-bound 
countries. Some of the electric locomotives require 
several thousand horse-power, and I have noticed that 
difficulties are occasionally experienced in this country 
when taking only about 160 h.p. from the line. Another 
interesting problem when taking electrical energy for 
traction from public supply stations is the maximum 
demand. It seems to me that for a locomotive suddenly 
to take 2 000 or 3 000 kW from a station of possibly 
only 10 000 kW or less capacity for perhaps half an 
hour, two or three times a day, would not be conducive 
to goodwill and efficiency. 

Mr. M. Wadeson : I had the idea that there was a 
lot of railway development under way in this country 
and that British manufacturers were doing and had 
done quite a lot of railway work ; but I rather gather 
from the author's remarks that practically nothing is 
being done in this respect. 

[Dr. S, P. Smith’s reply to this discussion will be 
found on page 324.] 


Scottish Centre, at Glasgow, 12 February, 1924. 


Mr. M. Blacklock : Economic considerations have 
to some extent caused Continental countries to electrify 
their main lines. Many of them are short of coal and 
do not possess the comparatively cheap supply which 
is available in this country. The author states that 
the adoption of electrification results in a saving of 
about half of the coal which would have been consumed 
in a steam system. To save 26 lb. of co^l per mile 
is very desirable, but is it not possible that this saving 
will be more than swallowed up by very high standing 
charges, particularly in the case of lines which have 
no very great density of traffic ? I gather from the 
lantern slides that the angular connecting-rod drive 
is being discarded in favour of the geared drive with 
coupling rods. The electric locomotive of the future 
will apparently bear some sort of resemblance in its 
running gear to the wdl-known features of the steam 
locomotive. Electrification seems to be bound up 
with the question of density of traffic. If it is con¬ 
templated to equip the whole of the country with super¬ 
stations and substations, and to electrify every mile 
of line and every siding, it is obviously a gigantic under¬ 


taking and one which cannot be undertaken lightly 
or without due consideration of the question in all 
its bearings. 

Mr. G. G. Braid : Britain has been the birthplace 
of many scientific inventions, but it has often been left 
to other countries to develop these inventions on a 
commercial scale. There may perhaps be some ad¬ 
vantage in this; we learn something from the successes 
of others, but, I think, a good deal more from their 
failures. The general tendency of all heavy electrical 
engineering is to use higher and higher voltages, and 
hence it seems to me that the two best systems of 
electric traction are the direct-current S 3 ^tem witjn 
3 000 volts on the overhead conductor—such as is 
used on the Chicago, Milwaukee and St. Paul Railway— 
and the single-phase system with 16 000 volts on the 
overhead line as in Germany, Austria, Switzerland 
and Sweden. The 3 000-volt d.c. system has several 
advantages over the 1 600-volt system. The sub¬ 
stations can be placed much farther apart, and only 
half the current has to be. collected from the overhead 
conductor. I think that this country, as well as France^ 
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has been mther conservative in proposing direct current 
at 1 600 volts for main-line electrification. The cost 
of electrif 3 n.ng the lines in sparsely populated districts 
v411 probably be prohibitive, whereas direct current 
at 3 000 volts or alternating current at 15 000 volts 
would be more economical. It would be an advantage 
to adopt both systems. Circumatances will, however, 
usually determine which system should be used. The 
ultimate question to be answered in every case is: 
" Will it pay ? The author suggests that, for political 
and military considerations, France has adopted a 
different system from Germany. Possibly for the ss^me 
reason all the central countries of Europe have adopted 
the same single-^hase system at 16| cycles per second 
with 16 000 voits on the overhead conductors. It 
seems to me that Germany has been more far-sighted 
than France in this matter, for whereas it is quite 
possible to adapt an equipment which runs efficiently 
with single-phase commutator motors over the 16 000- 
volt lines, so that it may run in the case of emergency 
over a 1 600-volt d.c. line, or, indeed, off one of the 
phases of a three-phase line, it would be impossible 
to adapt an equipment primarily designed for 1 600 
volts direct current so as to operate over a single-phase 
l^e at 10 times the voltage. 

Mr. J. D. Peattie (communicated) : Is there any 
tendency to use direct current at voltages comparable 
with those adopted for single-phase schemes ? My 
reason for asking is that up to the outbreak of war I 
was engaged with one of the large Continental firms 
on some high-voltage d.c, investigations. One of the 
objects was to examine the possibilities of working 
at much higher d.c. voltages for long-distance railway 
electrification. At that time we were in the midst of 
the difficulties encountered in the developments of single¬ 
phase traction, particularly with the switching and 
control of the low-tension currents of the order of 2 000 
amperes on the locomotive itself between transformer 
and motor. I worked for the most part with two 
machines, and a few figures regarding these may be 
of interest. The first gave 36 000 volts (d.c.) and, since 
then, machines working on the same principle have been 
built in America up to 100 000 volts. They have been 
used for blast-furnace dust-precipitation plants. The 
second machine was built primarily to test a commuta¬ 
tion device and gave only 4 000 volts (d.c.). Its other 
characteristics were, however, quite extraordinary. 
.For instance, the measured commutating reactance 
voltage per segment was 96 volts at full load. I notice 
from the Press that Dr, Scherbius has again raised 
the question of high-voltage d.c. transmission, and, 
as the high-voltage d.c. system for railways appears 
to offer many possibihries, I should be glad if the autlior 
would state whether developments along these lines 
appear to be likely. 


Dr. S. Parker Smith (in reply) : In reply to Col. 
Cortez Leigh, although the French Government initia¬ 
ted the electrification schemes, details were left to the 


technical commission, which found itself undecided on 
the question of current collection and in consequence 
advised that all electric rolling stock should be fitted 
with both methods of collection. It would be wrong to 
associate railway eleetrification too closely with water¬ 
power utilization, though this has undoubtedly been a 
prime factor where coal is scarce. In very many 
instances other factors such as economy, congestion, 
smoke troubles, etc., have been decisive. A good idea 
of the kilowatt-hour consumption qfin be obtained from 
many of the reports presented to the recent Inter¬ 
national Railway Congress in R<ome. The choice of 
46 cycles as tlie standard in South Italy arises from the 
fact that frequencies of 42 and 50 cycles are almost 
equally common in those parts, and 45 has been chosen 
as a mean value. 

In reply to Mr. Partridge, substation spacing is a 
question not only of voltage but also of geograpliical 
and topographical features of the route, grades, location 
of junctions, branches, etc. On the Arlberg route there 
are stations 40 km apart, while on the Leipsic-Halle 
route the intervals are sometimes 60 km. It is possible 
to build a.c. motors wliich will work satisfactorily on 
direct current, but not conversely. The compromise, 
however, does not give the best motor. 

In reply to Mr. Furness, both helical and double 
helical gears have been used on electric locomotives. 

The New York, New Haven and Hartford Railway is 
equipped on the single-phase system, but the locomotives 
have to enter New York on the New York Central lines 
which are on tlie d.c. third-rail system. Possibly this 
is what Mr. Longman has in miM. Apparently the 
work commenced by Sir Vincent Raven liras been sus¬ 
pended—^no published results are known to me. Mr. 
Longman will probably find the information which 
he needs on the operation of mercury rectifiers in 
Mr. Bachellery's paper and the discussion thereon. 

In reply to Mr. Carter, little trouble is experienced 
with snow on overhead contact lines. Also with the 
under- or side-contact third-rail system the difficulty 
is not serious unless the snow is deep. To keep tlie 
maximum demand witliin pre-arranged limits, currentt 
limiting devices are often used; for example, on the 
Chicago, Mdwaukee and St. Paul Railway. 

Mr. Wadeson is correct in assuming that British firms 
are doing a fair amount of railway electrification, but 
the bulk is much below our capacity. 

In reply to Mr. Blackwell, cases may and do arise 
where electric traction is used, although it is more costly 
than steam. Independence of foreign supplies and the 
reduction of imports, however, have also their economic 
value, while many technical reasons may make electric 
haulage the more desirable. 

In reply to Mr. Peattie, work is also b(Sing done in 
this country with high-voltage direct current, e.g. on 
the transverter system, but hitherto a high-voltage d.c. 
motor suitable for installing on locomotives has been 
wanting. In this respect, the a.c. system has the charm 
of simplicity. 

* See pages 213 et sej. < 
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ELECTRIC PASSENGER LIFTS. 

By H. Marryat, Member. 

first received 2Zth July, and in final form 20th November, 1923 ; read before The Institution Vlth January, 
before the North-Western Centre 8/A January, and before the South Midland Centre 20^^ February, 1924.) 


Summary. 

TThe 

. author makes a plea for British investigation and 
order to prodiice a lift more especially suitable to 
country than is possible by following 
^ineriQ^ practice too closely. A number of problems 
investigation are referred to. The essential parts 

^ factors of cost are stated. The advisability 

^^^iilting specialist engineers with regard to new con- 
^-tructiQ^j^ is suggested. A complaint is made that lift makers 
consulted too late in the development of a new 
I^^Liilditxg enable them to offer the best and most economical 
It is maintained that a lift service is more important 
i:l^o.n provision of stairs. 

The methods employed by the author in calculating the 
iifb capacity required in a building are outlined. A plea is 
jpuclvanced for the emplo 3 uncnt of lifts of higher running 
^jpeed and improved acceleration, and the method adopted 
^.yy' the author in an investigation of acceleration problems 
is described. 

A Comparison is made between drum and sheave driving, 
effects of the position of the winding engine and of 
:rope-reeving upon maintenance cost are discussed. Types 
OjE worm gearing and methods of control are described and 
*t;l 3 Le limitations of automatic control emphasized. Micro- 
-drive and deoelerator* devices for attaining automatic floor 
veiling are detailed and reference is made to a new system 
of control—^the '' Auto-Pilot." 

Safety devices employed in connection with passenger 
lifts are described, and the record and infrequency of acci- 
-dents are discussed and commented upon. 


A lift is a machine designed to transport a load from 
•one level to another in a vertical or nearly vertical 
•direction by means of a suitably guided car or platform. 

El ctricity was first used to operate a lift about 
3. SS^, and since 1893 has been increasingly employed for 
purpose, until now, where electricity is available, 
if: has practically superseded all other forms of energy 
for ne'vsr construction. Existing hydraulic lifts are 
ara.pidly being converted or replaced by electric lifts; 
^accep'fc where certain special conditions prevail—^for 
instanoe# short travel and heavy load—^when the direct-, 
Noting liydraulic lift offers certain advantages, the electric 
lift has proved itself to be the most economical and 
•oonveni^^'fc machine yet designed for the purpose. This 
sstiateni®^^ b^ing accepted in principle, it will not be 
’^^-ocessaity enter into a comparison between electricity 
forms of energy for operating lifts. 

*X}xe electric lift is becoming an increasingly important 
•^Oa.tui’® in modem buildings. The tendency of the great 
ijjoreasing commercial population of cities to congre- 
cenixal areas, and the corresponding increase in 
are bringing about a continual replacement 
•Of old^^ smaller buildings by newer and larger ones, 

whi^^ means of lift service it is possible to take 


the utmost advantage of the upper floors. Again, the 
tendency to work shorter hours and at higher speed 
reinforces the demand for a rapid lift service to replace 
stairs. It is, therefore, perhaps reiquxkable that so 
little has been written or published upon the subject 
in this country, although there are a large number of 
works dealing with cranes, conveyers, etc.* 

The electric lift was first introduced in America, and 
in that country has developed in a direction and to an 
extent to whidh we are hardly likely to go. We have, 
however, followed American practice so far as we have 
been able. In doing so, we no doubt follow the course 
of least resistance, but the time seems to have come 
when we should undertake investigation and research 
upon our own account, with a view to developing a lift 
more particularly applicable to our own requirements. 
The conditions in this country are totally different from 
those existing in America. Here we are restricted in 
our buildings to a capacity of 260 000 cubic feet, whereas 
in America there is no such restriction and buildings 
range in size up to those with 30 to 60 floors and a 
floor area of 40 acres. On the other hand we are 
delightfully free from " red tape" or restrictions of 
any sort in the design of our lift machinery; whereas in 
America, where the lift is so important a factor in the 
daily life of the citizen that it is calculated that in 
the big cities the lifts run more miles per day than 
the combined road car and underground services, it has 
been found necessary to impose restrictions and bye-laws 
which, whilst protecting the interests of the community, 
are nevertheless a deterrent to the progress of invention 
and design. 

The reason that so little has been written on this 
subject is no doubt partly because* an electric lift is a 
combination product in which the builder, the elec¬ 
trician ^d the engineer ail take part under the general 
direction of the architect, and sometimes—too seldom 
—of the consulting engineer. There are a number of 
problems concerning the construction of electric lifts 
which, so far as I know, have not been investigated, 
and the solution of which would be of great interest 
and benefit to the industry. It may be that these 
problems have been dealt with by individual manufac¬ 
turers, in which case I hope that this paper^will. be an 
incentive to •publication. 

A fundamental problem is that of definition. Owing 
to the lack of other literature, one in search of information 
must refer to makers' catalogues and is at once con¬ 
fronted with a confusion of terms, sometimes used to 
designate the same thing and sometimes employed by 
certain makers to differentiate between different things. 

* Since this ^per was drafted a comprehensive work entitled ** Electric 
lift Equipment for Modem Buildings by Ronald Grierson has been published 
by Messrs. Chapman, & Hall 
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Thus th^ terms Vee ** wheel drive, sheave drive, 
traction drive, friction drive, and half-wrap drive, are 
all used to designate the same thing. Lift, hoist and 
elevator are interchangeable terms, as are also service 
lift and goods lift, suggest that it would be useful 
for lift malcers to get together and adopt a code of 
definitions. 

An electric lift consists essentially of:— 

(1) -A car or platform suitably designed to transport 

the required load. 

(2) Guides, usually of wood or steel, rigidly attached 

to the building structure. 

(3) Guide shoes attached to the car or platform so 

as to ^gage the guides. 

(4) A counterweight. 

(6) A rope or chain by which the car or platform and 
counterweight are suspended and which trans¬ 
mits motion from the driving engine. 

(6) A driving sheave or drum with which the rope 

or chain engages. 

(7) Gearing (usually worm and wheel) by which 

power is transmitted from the electric motor 
to the driving sheave or drum. 

(8) An electric motor. 

(9) An electromagnetic brake, usually operating 

upon a drum constructed in one with the 
coupling between the motor and worm shaft. 

(10) A controller designed to start and stop the 

motor by means of suitable provision in the 
car or on one or more landings. 

(11) Safety devices which may be simple or complex 

according to the circunastances and are intended 
to render accident impossible from the failure, 
of any part of the lift or supply, or from the 
opening of a landing gate when the car is 
absent. 

The cost of electric lift- service comprises interest 
and sinking fund upon capital expenditure, rent, insur¬ 
ance, maintenance and renewals, energy and attendance. 
These factors of ultimate cost should be weighed before 
deciding upon the preliminary specification for any 
particular lift installation. It follows, then, that this 
consideration should be given before any scheme has 
gone so far as to impose limitations upon any of the 
factors. It also follows that where the architect takes 
the sole responsibility for the preliminary specification, 
very great care is required in comparing and examining 
tenders, as no two makers ever offer quite the same 
thing. An electric Hft is too complicated a piece of 
machmery to admit of two makers quoting for the same 
equipment, unless to a very detailed specification such 
as can only be prepared by a lift engineer, and such 
important ^factors as maintenance costs, energy con¬ 
sumption and attendance are greatly affected by the 
details of the design offered. The actual service given 
by lifts built to the same general specification and 
designed to run at the same speed under the same 
general conditions will also vary considerably, and the 
number of trips which will be completed and passengers 
carried in a day by a lift acting upon a smooth and 
rapid acceleration curve, witjx accurate floor levelling, 
will be far greater than with a lift less carefully designed. 


It is advisable, therefore, in all important new construc¬ 
tion that the architect should, in the earliest stages of 
the project and before any building plans are settled, 
call in either a consultant specializing in lift engineering, 
or a manufacturer of experience. Such a consultant, 
after considering the size and purpose of tlSe building, 
its situation, the position of entrances, etc., will be 
able to calculate the probable traffic and advise on the 
number, size and best position of the lifts required. 
He will also, upon the same basis of information, be 
able to advise upon the most economical scheme and 
the most suitable method of control. 

Lift makers complain that they are not consulted 
until it is too late to influence the general specification, 
and therefore it often happens that two lifts are installed 
where one would be more suitable, or, conversely, that 
one large lift is installed where two smaller ones would 
give better service. The winding engine has frequently 
to be fitted in ^ position where it is impossible to get 
the best results, and the conditions are sometimes such 
that the rope-reeving is bad and the total cost of 
maintenance doubled as a result. Automatic push¬ 
button control is installed in places where car-switch 
control is essential, and expensive alterations have 
to be made after erection. Again, car-switch control 
is installed in places where automatic push-button 
contrqi would be better and would save the cost of 
attendance. 

A really efficient lift service serving the incoming 
and outgoing as well as the floor-to-floor traffic, is of 
far more importance than the staircase. Its location 
should be a primary consideration, and the staircase 
considered principally in relation to its effectiveness as 
a fire escape. 

I Have said that, given the necessary’ particulars of 
a building, the lift engineer will be able to calculate 
the probable traffic. If must be admitted, however, 
that the lift engineer himself does not usually employ 
any scientific method in arriving at the number of 
passengers per minute which will require lift service 
on each particular floor during the busy part of th 
day. Each will draw upon his own experience and 
home-made formulae. If these could be collated, the 
general advantage would be served and many mistakes 
avoided. 

Some interesting figures derived from American prac¬ 
tice are given in a paper * by Mr. Harrison P. Reed, 
from which we learn that in New York City from 
65 to 100 sq. ft. of rentable floor space is the average 
allowance per person occup 3 dng an office building. In 
other cities the allowance should be increased to 
160 sq. ft. per person, and it is estimated that a lift 
service should be provided to empty such buildings 
above the first floor in from 40 to 60 miiwates. It is, 
however, doubtful if American figures of this description, 
apply to this country. The only English pronounce¬ 
ment that I can find is contained in a paper read recently 
by Mr, C. H. J. Day before the Association of Engineers- 
in-Charge, in which he sa 3 rs—^referring to a large office 
building—that the average density of population is. 
about 120 sq. ft, of floor space for each occupant, but 

♦ ** Electric Power Applications to Passengor and Freight Elevators,**' 
Transactions of the Amcfiean Institute of Electrical Engineefs, 1900, vol. 41„ 
p. 825* 
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when one or two large firms occupy a whole building 
the population is almost certain to be denser than this^ 
amounting perhaps to as much as 80 sq. ft. of fioor 
space per person. 

In the absence of definite kiformation on this 
point, Mr. ifay sajrs that it is considered safe to assume 
about 110 sq. ft. per person as a fair average. He also 
says that in buildings where tests have been made, the 
rate of traffic flow at the busiest time of the day has 
been found to be sucji as to include the equivalent of 
the entire population of the building in 45 minutes, 
and that the passenger traffic can be predetermined by 
allowing for a period of rush from 16 to 20 minutes, 
during which time a number equal to one-third of the 
population of the building is dealt with. 

Figures derived from my own observation are not 
in agreement with this, but I must confess that although 
I have been investigating the subject for some consider¬ 
able time I have not yet amassed sufficient data to 



Time 


Fig. 1. 

permit of my making an authoritative pronouncement. 
The means adopted in this investigation may be of 
interest and may possibly lead to the suggestion of 
better methods in the course of discussion. ^ 

In the first place the buildings in which lifts are 
usually installed have been divided into a large number 
of classes and each class has been separately examined 
under conditions which, I believe, apply to that particular 
class. For instance, in large drapery establishments 
and multiple-store buildings I count the number of 
persons per minute proceeding from the ground floor 
to upper floors. In office buildings of the class usually 
sub-let to a large number of difierent tenants I taJke no 
notice of persons arriving at or departing from the 
baseln^t, ground floor or first floor, but make the 
count upon the second floor, of all ^ persons arriving at, 
passing, or departing from that floor. In office buildings 
in which several or all the floors are occupied by the 


same tenant—an insurance office, for instance-Trl count 
the number of persons arriving at and departing from 
each floor, so as to check the inter-floor traffic; and 
in buildings where there is a restaurant on one of the 
floors a separate census is taken the number of per¬ 
sons arriving at and departing from the restaurant, in 
order to checlc the speoial traffic so created. In taking 
this census of traffic in existing occupied buildings, I 
have at the outset been faced with the fact that exist¬ 
ing lift accommodation is, in almost every instance, 
insufficient. It has been necessary, therefore, to count 
not only persons using the lifts but also those using 
the staircases. 

For the present I will confine myself to^ few examples 
to indicate the nature of the results obtained. In 
each case the figures have been reduced to per 1 000 sq. ft. 
of rental floor space served by the lifts. 

In Fig. 1, curve (1) represents the average traffic 
counted in a group of West End drapery establisliments. 
In each case the number of persons proceeding per 
hour from the ground floor to any other floor has been 
counted, and the curve represents the average of all 
establishments examined. Curve (2) represents a 
similar average deduced from a count taken in a large 
group of city office buildings of the class in which ^ 
the floors are sub-let to a variety of tenants. The 



Time. 

Fig. 2. 

curve indicates the number of persons per hour who 
arrive at or pass the second floor. In order to obtain 
a more accurate estimate of the period between 
1 o*clock and 2 o*clock mid-day, the more detailed 
curve shown in Fig. 2 was prepared. The third example 
in Fig. 1 comprises a similar group of offices situated 
in the West End of London. The different character¬ 
istics are strikingly shown. In this case there is no 
rush period, so that, in order to provide^the same 
lift facilities for the same population, less lift capacity 
is required. 

To arrive with more accuracy at the lift capacity 
required for a city (London) office building of the class 
usually sub-let to a variety of tenants, we refer again 
to Fig. 1, from which it will be observed thait the 
largest amount of traffic occurs between noon and 
1 p.m. As the effect of the dinner-hour traffic is not 
clearly indicated, it was decided to take detailed obser- 
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vations over the whole period from 11.30 a.m. to 
2.30 p.m., in order to arrive at the true maximum 
traffic requirements on the building. 

Eleven ofidce blocks comprising both large and 
small buildings were «elected. In every case care was 
taken to watch not only all lifts but all staircases 
simultaneously. A count was made upon the second 
floor of every person arriving at, departing from, or 
passing that floor in each direction. The result of this 
oount has been carefully reduced to persons per hour 
per 1 000 sq. ft. of rental floor area above the first 
floor. The observations were recorded at the end of 
every minute, and plotted for each separate building 
in the series o4 curves sfiown, the average of which is 
given in Fig. 3. Some interesting things may be learnt 
from this flgure. It will be noticed at once that the 
traffic is inclined to move in bunches, and that had 
the observations been taken over 2-minute intervals 
the curve would have been very different in form. A 
curve has been prepared to illustrate this, and shows 
clearly the errors likely to arise from taking a count 


gauged by reference to Table 1, which gives figures 
for city (London) office buildings. 


Table 1. 


lift capacity in persons per hour per 

1000 sq. ft. rental floor area above 
first floor 

«■ 

Number of minutes during the 
day when lift capacity will 
be insufficient 

7 

, 84 

7-6 

66 

8 

. 33 

8-6 

14 

9 

6 

9-6 

1 


Assuming that we allow for a lift capacity of 9*6 
persons per hour per I 000 sq. ft. of rental floor area 
above the first floor in the class of building specified, 
and taking the New York allowance of 66 to 100 sq. ft. 



over any period longer than 1 minute, as it is the 
maximum traffic and not the average with which the 
lift engineer has to deal. 

Referring to Fig. 3 we find that the average traffic 
per hour per unit of floor space taken during the period 
11.30 a.m. to 2.30 p.m. is approximately 6*98, and 
between 12.10 p.m. and 1.10 p.m., 7‘5. If, however, 
provision is made for the average traffic only, it is 
obvious that many people will either wait for several 
minutes for lift service or use the stairs in preference. 

It may Tie considered unnecessary to provide accommo¬ 
dation calculated upon a maximum traffic which may 
only occur during a single minute of the day, but in 
this connection it must be remembered that this curve 
itself is an average of 11 typical buildings and that 
the maximum of 9*6 must be compared with the maxi¬ 
mum of over 20, shown for a 1-minute period on three 
of the individual buildings. It is reasonable, therefore, 
to provide for the maximum indicated in Fig. 3. 

The effect of providing a lesser lift service may be 


of rental floor space per inhabitant—^say 82-6 sq. ft. 
—^the lift capacity at which we have arrived would 
allow for the emptying of the building above the first 
floor in 1 hr, 16 min., a figure which, it will be noted, 
differs altogether from those arrived at by American 
authorities and by Mr. Bay, but which is, I believd, 
when applied to buildings in the City of London, a 
more accurate one. 

In order, then, to discover the lift capacity in such, 
a building, the following formula may be used:— 

<n 

9-6.4 

NL 

where A == thousands of sq. ft, rental floor area above 
the first floor; 

N = number of circular trips, including stop¬ 
pages, which can be made per lift per 
hour; and 

. L — number of lifts. 
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Having discovered the total lift capacity required; 
it is next necessary to decide the number of lifts to be 
employed and their speed. 

As about 30 seconds represents the limit of patience 
to be expected of the average cii^r man waiting for 
a lift, a buifding cannot be considered to be adequately 
served when the occupants or visitors are asked to 
wait longer. To calculate the number of lifts required 
to handle a given traffic and give a half-minute service, 
the overall speed of tke lifts—allowing for all stoppages 
—must be known. The number of stoppages a lift 
may be required to malre in the course of a return 
journey from the ground floor and back again varies 
considerably, but in the class of building which we have 
been considering, it is found to average about one stop 
for every 42 ft. of running. Allowing 12 seconds per 
stop for loss in acceleration, deceleration, opening and 
closing of gates and for the time taken by the passengers 
in entering and leaving the car, together with a further 
allowance to cover general loss of time, we find that 
the overall time in seconds required for the circular trip 
will be:— 

60 X 20’ , 2T X 12 
B 42 

where B = running speed of lift in ft. per min., 

' T = total travel of lift in feet in one direction. 

In the case of a lift with 100 ft. travel and a running 
speed of 200 ft. per min., the overall time for the 
circular journey will be 117 seconds. In such a city 
office building two lifts of given capacity might not 
provide the required service, whereas three would more 
than do so, but by slightly increasing the speed the 
two lifts would suffice. 

It will be observed that I make an allowance of i2 
seconds for stoppage and los-f time in an, all-round 
averagjp service. This will only be found sufficient 
provided the car is not too large. If the capacity is 
more than 10 persons—^including attendant—^the time 
allowance and the total lift capacity must be increased 
accordingly. It must also be assumed that the lifts 
are suitably situated and designed with wide openings 
for the easy ingress and egress of passengers. Under 
such conditions the effect of running speed upon overall 
sp ed may be set out as in Table 2 for a lift of 
100 ft. travel. 


Table 2. 


Rraming speed 

OveraU time per circular trip 
with 100 ft. travel 

ft. per min. 

secs. 

• 100 

177 

200 

117 

300 

97 

400 

. 87 

600 

81 

600 

77 


It will be observed that the saving in overall running 
tune falls off as the running speed is increased, so there 


must come a point at which additional capital cost 
is not justified by the saving in time. In Table 3, 
approximate figures are given in order to’ indicate the 
relation of running speed to capital cost for a lift 
designed for a load of 10 person*. 


^ABLE 3. 


Running speed 

Extra cost (approx.) of 
machinery and safety 
devices (July 1923) 

ft. per min. 

£ 

60 

— 

100 

2% 

200 

75 

400 

150 

500 

190 

600 

220 


The figures do not represent a large percentage upon 
the cost of a lift of the travel and capacity we have 
been considering, and, when taken in conjunction with 
a consideration of the saving of rent and attendance,^ 
will generally work out in favour of the higher-speed" 
lift. 

It has been maintained that lifts of a speed of over 
260 ft. per min. cannot be justified in this country 
because of the lesser height of our buildings as compared 
with those in America, and that the period of acceleration 
and deceleration occupies practically the whole time 
of the short average journey, so that there is no oppor¬ 
tunity for the lift to run at its full designed speed. 
The objection is a sound one and is supported by the 
practice of making the acceleration and deceleration 
periods long, in the belief that it is necessary to do so 
if the internal economy of passengers is not to be upset. 
Nevertheless, as ground space is of so great a value 
in large cities the importance of , designing a lift 
which will accelerate and decelerate quickly, and so 
permit advantage to be taken of higher speeds, will 
be appreciated. 

In order to investigate the effect of various forms 
of lift acceleration upon the average passenger, I have 
made a large number of experiments. The earlier 
efforts were very crude, the apparatus consisting of 
weights suspended upon springs, on the spring-balance 
principle, and arranged to record their motion upon a 
paper chsxt, the passengers at the same time being 
asked to note their physical sensations. With this 
apparlitus it was discovered that the critical period of 
acceleration was too brief to be dealt with scientifically 
in this way. The next step was to devise an electrical 
method of recording what happened, and with the help 
of the Cambridge and Paul Scientific Instrument Co., 
and particularly of Mr. R. S. Whipple and Mr. Barron 
of that company, the following arrangement was 
adopted:— 

A series of coils of copper wire are wound on the 
outside of a tube 6 ft. long and about 3 in. in diameter. 
These coils, which aire spaced 2 in., apart and connected 
in series, are in circuit with a small string galvanometer. 
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a, leaturs^ of which, is its short period of vibration. An 
image of the string of this galvanometer is projected by 
means of a Pointolite ** lamp on to a moving photo¬ 
graphic film. The tube is inserted at the bottom of the 
lift shaft in such a position that the car can pass freely 
without fouling. Carried from an arm at the top of 
the car is a cord to the end of which is attached a small 
cobalt-steel magnet, its position being such that as the 
lift travels up or down, the magnet is made to move’ 
inside the tube, thereby inducing an electromotive 
force in the coil windings and causing a deflection of 
the galvanometer string, the movements of which are 
recorded on the photographic film. 

Accurate timing of the record is effected by a synchro- 


unpleasant sensations experienced by most passengers 
at the starting and stopping of a fast-running lift are 
due not so much to a too rapid acceleration as to a 
sharp change of acceleration, the result of imperfect 
control. The remedy is not an extension ^.of the total 
period of acceleration, but a correction and smoothing 
out of the curve. Worldng upon these lines it is found 
possible to accelerate a lift to 300 ft. per min. within 
a space of 24 in., or to 600 ft. per min. in less than 
48 in., without discomfort to the passengers, and to 
decelerate in a similar period. This means that the 
time lost in acceleration and deceleration, of a lift at 
300 ft. per min. with average runs of 42 ft. need not 
exceed 6 per cent of the running time, and at 600 ft. 
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nous motor run from a tuning fork making 60 vibrations 
per second. This motor carries a disc, on the circumfer¬ 
ence of which are fitted five spokes, each being introduced 
in turn into the path of the beam of light. In this 
way the record is ruled with a series of lines, the space 
between any two of which represents 0 • 04 sec. The 
film speed employed is approximately 3 ft. per sec., 
rendering it possible to read the record to 0 • 002 sec. In 
the record illustrated, the passage of the magnet through 
each coil is indicated by a deflection of the string, and 
reference to the time scale makes it possible to determine 
the time taken for the lift to rise each successive 2 in. 
By plotting " time against ** inches rise of lift ** 
iniormation is obtained from which a true acceleration 
or deceleration curve may be produced. In Figs. 

4 (a) and 4 (6) are reproduced specimens of the films 
produced in this way. These films illustrate different 
forms of acceleration on a passenger lift running at 
360 ft. pe^ min. It should be noted that the time 
intervals indicated by the vertical lines upon the films 
are accurately controlled by the tuning fork method as 
described, but the space intervals vary, as the result of 
variations in the film speed. A corresponding correc¬ 
tion must be made in taking measurements from the 
films. This method has not, so far as I am aware, 
been used before for the purpose of obtaining such 
data. 

From a study of these films we discover that the 


4._^Reproduction of two films obtained in connection with 

per min., 10 per cent, tiie number of seconds lost being 
tlie same in each case. It also means a saving in^energy 
consumption. 

Fig. 6 represents a series of time/distance curves 
taken upon the starting of a 15-cwt. passenger lift 
running at 360 ft. per min. in a building in Kingsway. 
The different results are obtained by varying 
armature starting resistance and the rapidity of cuWng 
out. No. 6 of this series of curves represents a condition 
of particularly comfortable startmg, and I have chosen 
this curve to illustrate in Figs. 6 (a) and 6 (6) the derived 
velocity and acceleration curves. 

In Fig. 6 (a) it will be observed that the lift attains 
’ a maximilm velocity in 1*4 sec. In Fig. 6 (6) it will 
be noticed that the acceleration over, the first fifth of a 
second is not plotted. This is because it has not been 
I found possible to obtain accurate fheasurements from 
this part of the film. As more information about this 
part of the acceleration curve is of great importance, 
I am now arranging apparatus to investigate in det^ 
what happens in this first fifth of a second. It will 
also be noted in Fig. 6 (6) that the acceleration proceeds 
in a series of periodic leaps. This is a fealure of the 
whole of these records. At first the explanation seemed 
simple because in most instances there are eight clearly 
marked periods, and it so happens that on the norma 
controller usually experimented with there are ^ eight 
batches of starting resistances in the armature circmt. 
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Further examination shows that although the starting 
contacts undoubtedly affect the shape of the curve they 
are not responsible for it. For instance, if the number 
of starting contacts is reduced,, the number of periods 
shown on the acceleration curve is» increased. 

I am not^as yet prepared to explain the cause of this 
periodic acceleration; perhaps some light will be thrown 
upon it during the discussion. The variety of the 
forms obtained and the fact that on repeating the same 
experiment the samq,form is repeated, seems to show 
that the shape is governed by various forces acting 
sometimes together ^d sometimes in opposition, 
depending upon the conditions of starting. 

It may be noted, in reference to Fig. 6 (b), that the 


capacity of each lift, the number of lifts required will 
follow as a matter of course. 

Before passing on to the consideration of other lift 
problems, it is interesting to note here the experience 
of the London Electric Tube Railways, kindly given me 
by the Operation Manager, Mr. A. P. Thomas. The 
number of lifts installed in a tube station depends upon 
the volume of traffic, and is approximately:— 

For 7 000 passengers per day—2 lifts. 

For 10 000 passengers per day—3 lifts. 

For 13 000 to 30 000 passengers per day—4 lilts. 

The number is to a certam extent dependent upon 
the depth of the shaft. With a 4dift.^ equipment and 



acceleration tests on a passenger lift having a running speed of 360 feet per minute. 


steps in acceleration indicated are too rapid to have 
any physical effect upon the paSsengers, for the purpose 
of considering which question an average curve should 
be drawn. In this sense the curve indicated in 
Fig. 6 (b) is a good one, provided that the unplotted 
part in the first fifth of a second does not descend 
from too great a height. 

As a matter of interest I propose to show by means of 
lantern slides a few other examples of these curves. The 
first represents the acceleration of an hydraulic goods lift, 
and the next two represent, I think, a somewhat daring 
experiment, when a large passenger lift running at 
400 ft. per min. and driven by a 21-h.p. motor was 
switched direct on to the main without any ii\termediate 
resistance. The first is taken under conditions of 
maximum load and the second with minimum load. 

It will be obse^;ved from the figures given that the 
600-ft.-per-min. lift will carry 26 per cent more passengers 
per hour than the 300-ft.-p^-min. lift will do, or to 
carry the same number of passengers may be of 20 per 
cent less capacity. There is not, so far as I know, any 
lift running at 600 ft. per min. in this country, nor 
to my knowledge is there one running at over 400 ft, 
per min., but I am quite convinced that with the increase 
ing site values in our cities there is opportunity for the 
economic use of higher speeds: 

Havifig discovered the total capacity required in a 
certain: building and decided upon the speed and 


a depth of shaft of 72 ft., a general average service of 
2 mins. 18 secs, per lift can be observed, allowing 

7^ secs, for preparing lift. 

30 secs, for loading lift. 

7j secs, for starting lift. 

24 secs, for running lift, 

45 secs, for discharging lift, 

24 secs, for running lift. 

Or a total of 138 secs, for the round trip, or 26 trips 
per hour. 

The speeds of the lifts on the London Electric Railways 
are about 180 ft. per min., except at Hampstead, where 
the shaft is deeper than that at any other station, 
viz. 181 ft. There the speed is 200 ft. per min. 

There is a tendency to increase the speed of tube 
railway lifts to meet the desire of the travelling public 
for faster travel. A lift service, however well run, 
compares unfavourably with an escalator service, and 
lifts have been replaced by escalators at a number of 
stations. No lifts at all are provided on the new 
stations north of Edgware-road, a convenient escalator 
system having been introduced. For all shafts of a 
depth of 60 ft. and under, the escalator provides a 
better means of transport, but for a shaft above this 
depth high-speed lifts are desirable. 

The winding engine giving motion to the rbpes may 
be fitted with a drum to which the car and counterweight 
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ropes arejnpositively attached, or with a V-groove sheave 
transmitting motion to the ropes by friction, as a 
pulley does to a belt. Had I been, reading this paper 
20 to 25 years ago I should at this point no doubt have 
entered upon a stroi;yg advocacy of the sheave drive, 
but this is no longer necessary, as most makers have 
now adopted this arrangement, fr 

Serious danger attaches to the drum method of 
driving, inasmuch as in the event of overrunning 
and the failure of safety devices the positively driven 
ropes will cause either the car or the counterweight to 
crash. With sheave driving the effect of overrunning 
and failure of the safety devices is to land the car or 


particular regard to re-roping, and to accept tenders 
for lifts without this consideration is to place a premium 
on ineflBLciency. 

Frequently the breaking strain of the ropes to be 
employed on a new lift is specified without regard to the 
fact, supported by lift engineers having long experience 
of maintenance, that a rope of less tensile strength, of 
the super-ductile class, will in many cases give better 
results over a number of years. If such ropes are to 
be employed, care must be takeja in the first instance 
that the lower breaking strain is compensated by 
larger, or additional, ropes, toc provide the necessary 
factor of safety. 



counterweight upon the final stops at the foot of the 
well, and with the ropes thus relieved of load the gear 
can continue to revolve until the ropes are worn through, 
which will take many hours—or days. 

The cost of maintenance of an electric passenger lift 
in business premises varies from about £20 to £100 
per annum, and is largely affected by the frequency of 
re-roping. The cost of re-roping is largely made up of 
labour and is often augmented by the necessity for 
overtime work, but, apart from the actual cost of the 
ropes and work, a further loss must be taken into 
consideration in respect of the discontinuance of lift 
service whilst the work is in progress. 

A prime consideration in the selection of a lift should 
therefore be the ultimate maintenance cost, with 


Both lift and rope makers differ in their advice as 
to the most suitable rope for use in any particular case. 
My own experience suggests the use of a super-ductile 
steel for ropes which fail on account of damage by 
bending,’ and a hard steel of high tensile strength for 
hfts on which the ropes fail firom the frictional wear due 
to slip between the ropes and the driving sheave. 

A most important factor affecting the life of ropes 
is the method of reeving employed. The option to select 
the best method is often taken out of the hands of the 
lift maker by the architect, who advances his plans too 
far before Ihe details of the lifts are considered, and 
imposes hampering restrictions. 

In Fig. 7 are shown diagrammatically the methods of 
reeving more usually employed, in (a), (6), (c) and {d) 
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the winding engine being indicated at the head of the 
well, and in (e), (/), (g) and (A) at the foot. 

The ideal arrangement is indicated in (a), in which 
the driving sheave spans the distance between the 
suspension points of the car and counterweight. 
Arrangemeitf (b) is not so satisfactory but may be 
necessitated by considerations of economy, bec0,use 
the smaller the diameter of the driving sheave the less 
expensive are the motor and gear, or because the distance 
between the car and counterweight centres is too great 
to be conveniently scanned by a single sheave, or in 
order to comply with the particular building plan. 
Arrangement (c)—sonfetimes termed the “ full-wrap 
drive'*—^may be employed where the out-of-balance 
load is cpnsiderable and there is danger of rope slip 
on the driving sheave. It is possible with this method 
of reeving to employ U grooves instead of the usual 
V grooves on the driving sheave, thereby greatly reducing 
the wear on the ropes. With this arrangement the 
idler sheave may be so placed [as in (6)1 as to act as a 
diverting sheave in cases where the driving sheave 
cannot- be designed to span the distance between the 
car and counterweight. Arrangement (d) shows an 
adaptation of reeving which may be applied to (a), 
(6) or (c), introducing a 2 : 1 reduction in car speed. 
This method and further extension of the same principle 
may be conveniently employed when very heavy loads 
have to be raised at low speed. It will be noticed that 
in this diagram is in-troduced for the first time an S 
or backward bend in the rope. Such bends should 
be avoided where possible as they are much more 
destructive than a series of bends in the same direction. 

Diagrams (ej, (/), (g) and (A) show similar arrange¬ 
ments but with lie winding engine at the foot of the 
well. In these arrangements the lengths of the ropes 
are greatly increased and S bends are introduced in 
every instance. The arrangemeiM: with diverting sheave 
showh in (/) is for some reason, which I am not prepared 
to exptein, exceptionally destructive of the ropes. 

Whatever system of reeving is employed, the larger 
the diameter of the sheaves used the longer will be 
the life of the ropes. In these diagrams only one rope 
is indicated, but it must be understood that in passenger- 
lift practice from four to six or more ropes running 
side by side are employed. 

It will be seen that the winding engine may be placed 
at the head of the well directly over the work, at the 
foot, or on any of the intermediate floors. The advan¬ 
tages claimed for placing the gear at the foot of the 
well are:— 

(1) Greater accessibility; 

(2) Greater rigidity and therefore longer life; ’ 

(3) Less likelihood of nuisance due to noise and 

vibratton. 

In practice I find these advantages largely non-^stent, 
whereas the obvious disadvantage of employing ropes 
of at least treble the length is very e-vident. Not only 
is -the cost of ropes and of re-roping increased on account 
of this greater length, but the wear of the ropes is also 
increased by the larger number of bends—often S 
bends—^which -the ropes must make. 

It is true -that under certain circumstances the wear 
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on the ropes can be reduced by so arranging th^ position 
of the winding engine that that part of the ropes which 
passes over -the driving sheave does not also pass over 
the top sheaves—and vice versa; but even where this 
is done, unless diverting sheaves can be eliminated, 
the wear is greater than with the plain see-saw arrange¬ 
ment -with the winding engine at the top. 

The increased cost of maintenance due to a bad roping 
scheme may easily be suf&cient to justify a capital 
expenditure of several hundreds of pounds in -the first 
place, and may be avoided altogether if proper pro¬ 
vision is made in the original plans. 

One objection which architects and builders occasion¬ 
ally advance to the placing of the winding engine at 
the top of the building, is the increased* weight on the 
upper structure. Examination will show that there is 
nothing in -this argument except in the very unusual 
event of the winding engine weighing more than the 
combined weight of the car, load and counterweight. 
Under all other conditions the strain upon the upper 
structure is greater if the winding engine is located 
below. 

For low-speed lifts, such as are usual in this country, 
it is essential to interpose some form of gearing beiween 
the motor and the driving sheave. Many types of 
gearing have been tried, but the worm and wheel is'^ 
almost universally employed because of its many 
advantages for this particular work. Worm gearing is 
conveniently built to give precisely the ratios required 
by the lift engineer, and can be readily designed with 
a suitable angle of lead to render the gear self-sustaining ; 
that is to say, so that it shall not be possible for -the 
load or counterweight to set the lift in motion by driving 
the motor back through the gear. This provision 
requires the efficiency of the gear to be no more than 
60 per cent, but the value of this additional safety 
factor is so great -that "the loss of efficiency is willingly 
sacrificed in order to secure it. 

Figs. 8 and 9 show two t 3 ^ical arrangements of 
winding engine, comprising motor, worm gear, brake 
and sheave. The fundamental difference lies in the 
arrangement of the worm gear. In Fig. 8 the worm is 
located above the wheel, whereas in Fig. 9 it is below 
the wheel. I do not know that the comparative advan¬ 
tages of these types for this purpose have ever been 
discussed, and lift makers are divided in tlieir opinion 
and recommendation. To the casual observer I think 
it will appear at once that the over-worm type is -the 
sounder engineering job. With this arrangement the 
low-speed main shaft—^that carrying -the whole of 
the weight—^is placed low down upon the bedplate in 
the most favourable position. The main part of the 
bedplate is hollow and forms an ample receptacle for 
oil, with easy access for cleaning out the bottom of 
the gear-case so formed. 

The advantages advanced by advocates of the under¬ 
worm type are, first, that -the lubrication is more perfect, 
and secondly, that any wear taking place in the main 
shaft bearings allows the gears to drop closer into mesh 
instead of dra-wing the worm and wheel apart. On the 
question of lubrication it is true that with the over¬ 
worm type gear the worm is not running immersed in 
oil, but oil more than sufficient to provide ample lubrica- 
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tion is brought up by the hoUow teeth of ^e 
If the inspection cover of such a gear be ^ 

removed whilst the gear is running, it ^ ^ 

replaced to staunch the flood of oil which is to y 
cStrifugal force from the worm. The gear c^e ^ ^ 
designed that this oifthrown from the worm is epU^te 
in gutters and conveyed to th^worm ^d-main 
beSigs, whence it finds its way b^t ^ 

reservoir, which is kept filled to a height ^“‘e 
above the teeth of the wheel. With this of g^ 

the main shaft bearings, which ^e rmtouous 

in the whole machine, are subjected to a 
flow of oil passing through them. Tl« 
second point is that if the mam ^ 

so much as tS make an appreciable ^ 

Tpoah of the gear it is time for these bearmgs 


passengi:r lifts. 

the intervention o*" g®“ “^e!^be*TvS^ low speed 

^toS mto be Jth modem 

as the “push-button and to ^ 

push-button method au • desired and 

car stops Passenger without the 

to lift can be pP®’^®^ car-switch method 

assistance of a lift attend^ . ^^ndant and some 
requires the employment of a 1 ^ atten 

skili to ensure stoppiag.at ^-pensive, but the 

The push-button lift is th iiistifiied by the 

difierence in cost is far more than justihea y 



, j 'T^ fi-ictreme cases, where no backlash 
re-bushed. To meet e^eme 

of any sort is concern lifts, but. 

whed (these cases ^ ’ of wedges 

occur Ai «erta” shSt b^gs is inWoduoed by means 
below the mam mesh can be obtained. 

that I am advo<»tmg “ deserves a due allow- 

For to Lierican practice of 


saving in the cost of attendance. Ite ®®'P^®‘*y J®' 
however far less than that of a car-switch hft of toe 
same size because there is some difficulty in employing 
a speed than 160 or 200ft. per min. with an 

automatic hft, and because a single passenger 0 “ enl^ 

“ .Mai.. »«pl* ,?r 

until he has completed his journey, althoug 

be many pass^ers waiting at intermediate floors. 
The automatic lift is therefore only suitable for pla^s 

S:,“Saa«o i, ..™r »> a»fa »<» 

capacity of the lift for many minutes at ti®®- ^ 

scope^theautomaticUftmightbeconsiderablyMtend^ 

by the introduction of a satisfactory self-closmg gate 
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to overcome the annoyance of the lift being thrown out 
of action by some careless passenger forgetting to close 
the gate after him, and by the incorporation of a suitable 
floor-levelling device which would permit of a higher 
running speed being employed. Lift makers are engaged 
upon these problems, so that there is a possibility of 
some advance being made in the direction of increasing 
the capacity of automatic lifts. 

Automatic control lends itself to many variations in 
detail, but the general principle is much the same in 
all cases. One push-button is fixed at each landing 
gate and this will call the car to that landing, provided 


aflecting the direction of rotation of the mdfcor; also 
a solenoid the function of which is to overcome the 
force of the springs holding the brakes in position; and 
finally a solenoid operating the motor-starting rheostat. 
The particular solenoid which c(5mes into operation in 
connection with the change-over direction switch depends 
upon the position of i!he car in the well at the time, so 
that if the car is at the foot of the well and the button 
for the first floor be pressed and the direction of 
rotation is found to be clockwise, then if the car is at 
the fifth floor and the same button is pressed the direc¬ 
tion of rotation will be counter-clockwise. 



Fig. 6 (6). 


it is at the moment disengaged and that all other landing 
gates are closed. *A series of buttons fixed upon a tablet 
in the car-^ne button corresponding to each floor 
served—enables the car to be directed to any particular 
floor by pressing the corresponding button. On arrival 
at that floor the car will stop automatically. In a 
typical arrangement the push-buttons are connected to 
a series of relays representing each fl.oor, by means of 
a circuit which is completed through contacts attached 
to each gate, so that when a button is pressed—^subject 
to all gates being closed—^the particular floor relay will 
operate. This relay closes the circuit of one or other 
-of two coils operating a change-over solenoid switch 


With car-switch control the connections are simpler, 
inasmuch as the push-button circuit and rela 3 rs are 
omitted, the connections from the car switch being made 
direct to the solenoid direction switch. Tfie diagram 
of connections of the control panel with which I am 
more particularly acquainted is given in Fig. 10. The 
same panel is used in connection with either the push¬ 
button or car-switch method of control* With this 
controller, the shunt field of the motor is always left 
connected across the armature when the main current 
is disconnected. This arrangement entirely eliminates 
failure due to inductive discharge on opening the field 
circuit, and another valuable feature is that the 
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controller is of the double-pole type, the main source 
of supply being switched on and off at both poles at 
each operation of the lift. This eliminates a most 
insidious form of fault inherent in almost every other 
form of controller, in ^luch an earth developing on one 
or other part of the control system may under certain 
circumstances allow of uncontrolled movement of 
the car. 


As illustrating the service which these controllers are 
sometimes called upon to perform, a count was recently 
made in a drapery establishment in Oxford-street, 
London, in which two lifts each performed an average 
of 2 000 journe 3 rs per day. In mahing ^these tests 
great care was taken to eliminate any possibility of 
error. The motor rooms were kept locked, and accurate 
instruments were employed for counting and registering 






(a) 


sTieaves 





(c) 


ijDrrvliLg' 

slieaives 


Idler 

'd^eave 


(cL) 


Idler 

8h.ea.ves 




(e) 




u'Sfv 

^rivtng slieaye$(^ 



A very useful form of control, and one not sufficiently 
employed, consists of a combination of the push-button 
and car switch with a change-over device, so that*during 
busy periods the lift may be car-switch operated at 
liigh speed by an attendant, and during slack periods 
push-button operated at a lower speed by the passengers., 
The essentials of a good lift controller axe that it 
shall start and accelerate the lift in the minimum of 
time consistent with the comfort of passengers, and 



decelerate and stop in like manner, at the will of the 
operator. It must be reliable for a service sometimes 
extending to thousands of operations per day, and must 
be thoroughly robust and so constructed that a replace¬ 
ment or adjustment can be made readily without the 
possibility of upsetting the accuracy of its action. Fot* 
many positions also it is often desirable that the con- 
"•^er should be silent in its operation. 


the work done. Independent observers were employed 
te check the results. During the whole month the only 
stoppage that occurredr was one of 10 minutes upon 
one of the lifts to replace a car-switch contact. 

It may be claimed, then, that electric lift controller , 
designs have attained a high state of reliability. The 
most promising line for further advancement would 



seem to be in the direction of deceleration control, 
especially in conjunction with automatic lifts, thus 
permitting higher running speeds to be employed. 

The energy consumption of an electric lift is princi¬ 
pally dependent upon the number of times the lift is 
set into motion. The current required to accelerate 
the moving parts is far greater than that neces¬ 
sary to maintain the lift running, and very little, 
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if any, of this current is returned to the line during 
deceleration. 

It follows, then, that with a car-switch lift the energy 
consumption depends very largely upon the skill of the 
operator ii^ stopping the lift at flocJr-level. If he finds it 
necessary to inch ** at each stop, the energy consump¬ 
tion is enormously increased. This must always be 
the case when a new or an unskilful operator is 
employed. The higher the running speed of the lift 
the more likely is •this loss to occur, owing to the 
increased difficulty of gauging floor-level. 

Each lift maker hSs developed one or more devices 
to overcome this difficulty, but the fact that various 
makers recommend various solutions is in itself indicative 
that finality is not reached. Two-speed or three-speed 
control is sometimes made use of, the connections being 
brought back to tlie car switch, upon which two or 



three stops in each direction are provided. Messm. 
Waygood-Otis have introduced a device termed the 
micro-drive which not only attains the end in view 
but also maintains the car at the exact floor-level 
irrespective of the stretching of ropes or any other 
circumstance. That is to say, the lift having stopped 
at a particular floor, a heavy load wheeled into it may 
cause the car to sink—say half an inch—^therP the micro¬ 
drive machine will at once get into action and raise 
the car that half-inch. Mr. C. H. J. Day, in describing 
the micro-drive lift before the Association of Engineers- 
in-Charge, s1;^ted that it embodies two essential parts, 
the main hoisting machine and the micro-attachment. 

The main hoisting machine, with the exception of 
the magnetic brake, involves no special features. The 
main brake is usually of the regular shoe type, except 
that the housing or frame, instead of being bolted to 
the bedplate, is fastened to the worm-wheel shaft of 
the micro-gear and revolves with it. This main brake 
performs a double function; first, with the micro-gear 
at rest it acts as a brake to stop the main machine, 
and secondly, when the micro-gear operates, it acts as 


a friction clutch driving the main machine, ^'he micro¬ 
gear is in itself a small machine consisting of a motor, 
brake, and worm-gear reduction. 

With the micro-levelling machine two controllers are 
combined in one, one to contrSl the operation of the 
main motor and the^other to control the operation of 
the micro-motor. The main controller is operated in 
the usual manner, i.e. by push-button, car-switch or 
mechanical control. The micro-controller, is operated 
by a levelling switch mounted on the car frame. This 
levelling switch consists of two sets of contacts which 
control the micro-motor, one for the up and the other 
for the down direction. These contacts are operated 
by stationary cams in the lift shaft, the?e being two cams 
at each landing, one of which operates the up contacts 
and the other the down contacts. As the car approaches 
the floor at which it is intended to stop, the circuit of 
the main motor is interrupted, either automatically 
in the case of push-button control or by the car-switch 
or mechanically-operated mechanism. 

If the main machine brings the car or platform above 
or below the desired floor-level the levelling switch 
engages with the cams in the lift shaft, thus operating the 
micro-motor. The micro-gear will then automaticaUy 
lower or raise the lift until it is absolutely level witl? 
the floor, when the levelling switch will interrupt the 
circuit of the micro-motor and stop the car, due to 
the lever having disengaged itself from the fixed cams 
on the wall. This position of the car will now be main¬ 
tained under all conditions of loading, as the automatic 
control of the micro-motor is independent of the door 
or gate contacts, i.e. if the position of the car relative 
to the floor should be slightly changed, perhaps by 
increasing or decreasing the load, the lever operating 
the levelling switch will once more come into contact 
with the cam, and the micro-gear wiU be started up and 
immediately return to its proper level. 

Of course it is necessary to provide some means of 
preventing the micro-gear from operating when passing 
floors at which it is not desired to stop. This is accom¬ 
plished .by means of a magnet mounted on the levelling 
switch. When the car is being operated from the main 
motor, this magnet is energized and prevents the levelling 
switch from engaging with the cams in the lift shaft. 
When the power is cut off firom the main motor this 
magnet is de-energized, and if the car is in the micro¬ 
zone, i.e. near to but not level with the floor, the 
levelling switch engages with the cams. 

There are no doubt many special applications for such 
an arrangement, but for tihe purpose we have in mind 
at the moment it is questionable if the expense, as 
compared with that of other methods, is justified. 
There would also seem to be some danger, if^the micro¬ 
drive can move the car whilst the gates are open, of a 
passenger being caught by the toe or in some other 
way between the slowly moving car and a fixed part 
of the well—a class of accident which has frequently 
occurred with hydraulic lifts. 

A device to attain the sanie end—evolved and patented 
by Mr. Murray D. Scott—^is inexpensive and has the 
advantage that the motor and controller employed 
are normal in every way and that a certain amount of 
the energy utilized may, be returned to the line. The 
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Scott automatic decelerator may be described by 
reference to Fig, 11, (a), (6) and (c). The first shows the 
normal arrangement of a d.c. motor (compound wound) 
to the armature of which a wiuding drum is attached, 
and having two unequal weights suspended by cables 
therefrom. If we imagine the ^mature rotating in a 
clockwise direction and the machine being started up 
in the usual way, it will readily be appreciated that on 
the current being switched off the armature will be 
brought to rest rapidly, the load L' being considerably 
heavier than the load jJ. If we now imagine the 
armature rotating in an anti-cloclcwise direction, on 
switching off the current the load U will continue to 



If the motor be running in an anti-clockwise direction, 
the preponderance of the weight JJ may cause the 
motor to generate current. Closing the diverter 
resistance circuit will put a load on the armature, and 
additional short-circuiting switches will r cause the 
machine gradually to decelerate as before until the main 
switch S is finally opened for stopping the machine. 

It is found that by correctly calculating the diverting 
and starting resistances the motor deceleration may 
be accurately predetermined and will be practically 
independent of var 3 dng loads. An improvement is 
shown in (c). Fig. 11, which illustrates the motor wound 
with an auxiliary shunt field connected in parallel with 






(C) 


Fig. 11. 


A.Ariaatuxe 

SR.Startings resi$tance 

Ser.-- Series fidd 
ST-vShuTit fidd 

S .Main switch 

AT*—Aux. shunt fidd 

R.Divertixig resistance 

L' Car, heavy load 

tl Coimterweight, light load 


exert a rotating torque on the armature shaft, thus 
prolonging the period of deceleration. 

In Fig. 11, (6) is a similar arrangement, except that a 
resistance B. is arranged in parallel with the armature, 
a switch being inserted to throw this resistance in or 
out of drOuit, 

Let us now consider the case of the armature revolving 
in a clockwise direction. If before opening the main 
switch we close the diverting resistance circuit, the 
voltage across the armature terminals will be reduced, 
thus causing the motor to decderate to any predeter¬ 
mined minimum governed by the additional short- 
circuiting switches on the resistance B. The motor 
may be finally brought to rest by opening the main 
switch S. 


the starting resistance. This has all the starting advan¬ 
tages of a heavily compounded machine without the 
consequent disadvantage of speed variation, the auxiliary 
field being autoniatically cut out as the starting resist¬ 
ance is short-circuited, and being again automatically 
strengthened as the armature voltage is reduced by the 
decelerator resistance. 

A further development of this idea with special 
relation to automatic lifts permits of comparatively 
high running speeds being employed with the surety 
of accurate floor-levelling under all conditions of load. 
The design, which is termed the "Auto-Pilot,'* has 
only recently been protected ^d is in the experimental 
stage. Two knobs or large buttons in the car are marked 
distinctly ^*^up " and " down." On one of these being 
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depressed th^ lift accelerates and runs at normal speed. 
As the car passes each floor a signal light glows, and 
if the knob or push be released during the period 
of illumination the car will decelerate and stop level 
with the i^t floor. * 

Although there is no ofS.cial supervision of electric 
passenger-lift installations in this country, the percentage 
of accidents is extremely small and apparently rapidly 
decreasing, a fact reflecting high credit on the firms 
responsible for their» design. 

I have endeavoured to obtain some exact information, 
as to the percentage t>f accidents, but without success. 

The insurance companies have been unable to give 
me any figures, and the Home Office Reports deal with 
factory and workshop hoists only. I have had a search 
made of a large number of newspapers over a long period 
of years and a precis taken of all the lift accidents 
reported, but a study of these has proved useless, inas¬ 
much as it is usually impossible to discover from the 
newspaper report what type of lift is referred to, what 
is the cause of the failure, or exactly how the accident 
occurred. 

One is thrown back, therefore, upon one’s own 
experience, and mine is that the majority of accidents 
have resulted from one or other of the following condi¬ 
tions :— 

(1) Absence of gate and interlock contacts on the car. 

(2) Failure of gate locks. 

(3) Insufficient enclosure. 

It is dangerous to permit a passenger lift to operate • 
without a gate and int^lock upon the car. Without 
interlocking 'contacts the attendant will insist upon 
starting the lift, and possibly closing the landing, gate 
after the lift has started, before closing the car 
and quite likely the car gate will never be closed at all. 
It must be remembered that a certain running clearance 
between the moving car and the face of the lift well 
is necessary, and, however smooth the face of the well 
maybe, witii this running clearance reduced to a mini mum 
it is always possible for part of the clothing or the foot 
or hand of a passenger to become jammed between the 
face of the lift well and the moving car. 

The failure of gate-locking devices, in which I include 
the electrical interlock that prevents the lift from 
operating whilst a gate is open, has been responsible 
for a large percentage of accidents. If the lock is out of 
order it may be possible to open the landing gate and 
to step into the lift shaft in the belief that one is stepping 
into the car; or on an automatic lift it may be possible 
for the car to be moved, by someone operating from some 
other floor, whilst a passenger is stepping into or out 
of the car. The remedy is the improved design and 
construction* of the door-locking device, to which I will 
refer later, but a most valuable contribution to the safety 
of passenger lifts is to be found in efficient lighting. 
Too often the lift is stowed away in a dark comer. There 
should always be ample natural or artificial light 
immediately facing the lift entrance, and the car itself 
should be fllummated. 

It is very difficult to persuade architects, builders or 
property owners of the necessity of carrying the en- 
. closure above Q ft. 6 in. in height in stair wells and other 


open places. A lift enclosure should be wha? its name 
implies and not, as many architects seem to think, 
a means of expressing their architectural ambition in 
iron and bronze. An enclosure which will allow an arm 
or leg to be thrust between the b^ or below the bottom 
rail is dangerous, and there are hundreds of such en¬ 
closures in London, '‘Cleaners and others will reach 
through on some pretext or other. The triangular 
space above each stair tread is a particularly dangerous 
point and should always be filled in. Apart from the 
danger to clear ers who thrust their arms and brooms 
through, articles—^bottles sometimes—dropped on the 
stairway roll through here, and I have known a heavy 
bottle to smash through the top of thSfe car. Dirt and 
mbbish is swept from the stairs through these con¬ 
venient openings; this litters the top of the car and 
attaches itself to the gireasy guides. 

Upon the counterweight side, at least, the enclosure 
should extend from the floor to the ceiling, the reason 
being the large percentage of accidents which have 
occurred to cleaners, painters and others reaching over 
the enclosure for one reason or another, and, whilst 
observing the lift car, failing to notice the descending 
counterweight. 

It is also often desirable to fit a wire screen in the well* 
at the point where the car passes the counterweight, 
for the protection of men who may be worldng on the 
top of the car—always an occupation of considerable 
danger. For the same reason a screen should be fixed 
in the pit so as to protect any person engaged in cleaning 
out the pit, from injury by the balance weight. 

Collapsible gates should be constructed on the ** mid¬ 
bar ” principle, so that the space between the bars is 
insufficient to tempt any person to try to put his hand 
through for any purpose whatever. 

I have briefly referred to what I believe to be the three 
principal causes of accidents in connection with electric 
passenger lifts. I shall now endeavour to review the 
subject more closely by suggesting the various possible 
types of accident and the preventive measures to b taken 
in each instance. 

The moving car or counterweight may come into collision 
with some dislodged portion of the lift enclosure or with 
some article projecting into the lift welL 

Counter provision. —^The enclosure must be sufficiently 
substantial to prevent this possibility, and there must 
be no opening or ledge upon which it is possible to rest 
any article with which the car or counterweight may 
come into contact. 

The car coming into' collision with the permanent stop 
at the top or bottom of the well, owing to the attendant 
omitting to operate the control circuit. 

Counter provision. switches fixed in the well 
and operated by a ramp on the car and sS connected 
as to open the control and br^e circuit. 

The car coming into collision with the permanent stop 
at the top or bottom of the well owing to some failure of 
the electric circuit rendering the control and the control 
limit-switches ineffective. 

Counter provision. —^Main limit-switches operated by 
a ramp on the car and so fixed and connected as to cut 
ofi the main electricity supply at both poles upon the 
car passing a certain ffistance beyond the top or bottom 
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floor, li will be noted that the brake, being normally 
in the “ on " position and held off when the car is running 
only by means of an electric solenoid, must come into 
action when the main circuit is opened. 

The car colliding viHth the permanent stops at the foot 
of the well due to excessive speed, the result of failure of 
the motor field circuiU ^ 

Counter provision, — K centrifugal governor gear 
operated by a cord attached to the car and so designed 
that a fixed excess of speed in the downward direction 
causes the main supply circuit to be opened and a safety 
gear attached to the car sling to come into operation. 
The function of this gear is to stop and support the car 
by means of grips pressed and wedged on the guides or 
guide backings. 

The car coming into collision with the girders at the 
head of the well, dm to a similar cause, —^This cannot 
occur if the traction drive is employed and the counter¬ 
weight allowed to land before the car reaches the pei*- 
manent stops. Shock due to the counterweight landing 
at high speed may be minimized by the use of suitable 
buffers. In the case of drum-winding macliines the 
only safeguard against tliis class of accident usually 
employed is the limit-switch and extra clearance for 
over-run of the car. 

The centrifugal governor as usually employed is 
operative only in the downward direction of travel, 
but it can be designed to arrest the motion of the car 
in case of excessive speed in either direction. 

The car falling due to failure of support. —^This may 
occur in the case of:— 

{a) The car becoming jammed in the well whilst the ropes 
continue to be paid out by the engine above, and then becoming 
free and falling to the extent of the slack rope. {This is a 
class of accident confined to drum-driveri lifts.) —In the case 
of traction drive, if the car or counterweight jam, the 
result is either an extra load which causes the main fuses 
to blow, or a relief of load which causes the traction 
sheave to revolve harmlessly within the slackened rope. 
In the case of drum drive the counter provision is the 
slack-rope safety switch applied to both car and counter¬ 
weight ropes in such a way that if any one of these 
ropes slackens, the switch will operate and cut off the 
main supply current. 

(6) Fracture of the supporting ropes. —^The counter 
provision is a safety gear attached to the car sling and 
operating as above described, to support the car by 
friction upon the guides in the event of the ropes breaking. 
In the best form of such safety gears the wedging action 
takes place and the car is brought to rest in the event 
of any one of the supporting ropes stretching beyond 
a certain limit. As a rope invariably stretches before 
breaking, the result is to anticipate a break taking place. 
If the well is totally enclosed and fitted with doors 
necessarily locked before the car can be set in motion, 
it is possible to use the column of air below the car as a 
cusliion to prevent the too rapid descent of the car. 
Suitable buffers may also be employed as an additional 
protection. 

(c) The ropes becoming disengaged from the winding 
engine. —^^This is a most serious class of accident, because 
if . the safety gear on the car is operated by the supporting 
ropes themselves, or by a cord passing over the same 


sheave and therefoy^e probably disengaged like the ropes, 
the result is that the safety gear is inoperative and the 
car and counterweight fall together without any brake. 
Ropes may leave the top sheave during the momentary 
slackening due to af jam of the car or counterweight, 
and from other causes. The counter provision is the 
employment of a centrifugal governor or other device 
to operate the safety gear by means of a cord reeved 
over pulleys entirely independent of those over which 
the supporting ropes pass. In rthis connection the 
extreme danger of using an overhung traction sheave 
may be noted. There should always be a substantial 
bearing on each side of the sheave so that the ropes— 
if by any means they are thrown off the sheave—cannot 
fall clear. 

Three t 3 rpical forms of safety gear, as usually applied 
to the cars of passenger lifts, are illustrated in the lantern 
slides. 

The safety gear is now usually fixed below and not 
above the car. Tliis is a wise precaution, as cases are 
on record in which the car has become detached from 
the gear fixed to the sling above and lias fallen un- 
chedced into the well. 

It is not usual to attach a safety gear to the counter¬ 
weight, except in places where the well does not descend 
to the lowest level and the counterweight might there¬ 
fore fall into an inhabited space. Nevertheless, if it 
were the invariable practice to equip the counterweight 
with safety gear a few accidents might be rendered less 
serious in their effect. 

{d) Failure of a portion of the mechanical gear allowing 
the traction sheave or drum to revolve under the influence 
of the loaded car or counterweight. —^Tlus’^may happen 
if the keys fixing the sheave or worm-wheel fail, or the 
rifci of the worm-wheel becomes detached from its centre, 
or the teeth of gears wear out or fracture. The only 
preventive, apart from sound design and construction, 
is regular inspection, but, if the lift is allowed *to get 
into a state in which such an accident can occur, the 
centrifugal safety gear—^if designed to operate in botli 
directions of travel—will check and support the car. 

A passenger becoming crushed between the moving car 
and some portion of the lift well. —^This cannot happen if 
a gate is fixed to the car entrance and so interlocked by 
means of a contact on the gate with the control circuit 
that it is impossible to move the lift unless this gate is 
completely dosed. 

Car starting whilst passenger is entering or leaving .— 
The counter provision is electrical interlocking contacts 
on both landing and car gates, preferably connected on 
opposite poles of the circuit. 

Falling into the lift well. —^The counter provision is 
a mechanical lock upon each landing gate, rendering 
it impossible to open the gate from the outside unless 
the car is at the landing in question. These locks 
are released by a ramp on the car which operates a roller 
connected with the gate lock. 

A gate lock, to be absolutely reliable for use on an 
automatic lift, has to meet a great many requirements, 
and many of those already installed are defective in 
one way or another. Locks are now available which 
do meet all requirements and are safe. Existing locks 
of the older types should be exchanged for these. 




One of the condilunis of the peifeet j;;ile huk is that 
it shall not allow <»r the bein^t opened when the ear 
is only passing and not .stoppinj;. this eondition can 
be complied with by the employnuait td a movable 
solenoid-ui>erated ramp tm the ear/biil the compliiaticiU 
is not usuatly considered worth troid)liaK about, because 
the effect td i»pening a gate whilst tlu‘ car is ))assing is 
only to st(»p tlu^ lift, ami the vesidt, tliouj^h annoying 
to the passengcu’s, is not dangerous, 

1he oilier accule?^t.s which may <Mvnr on electric 
passeiig(*r lifts mostly coiiceni men engaged up«ni 
c<mstruction or maiifienance and ilo imt come within 
tlie nsuh of this paper. 

It will be observed that in oidt*r that a ]nissmigei lift 
may be safe it must l)e providtsl with a numlH*i o| 
luechauical and electrical satety devi» fs. lii the tiesign 
of these the guiding principle must be that any failure 


of the safety <levice itself, \vhether mechanical or 
electrical, shall only result in rentlering the lift iuopt ra- 
tive. If this juinciple is faithfully carried iuit the lilt 
will be jnd out of use upon the iea.sl derangement of 
any one of the large number t*f Aiinor parts. The only 
steps which can bi* taken tt< prevent this are regular 
inspection and adjustment by m(‘ii traiuecl to the 
business. 

As it is iml dt*sirablc to allow wearing tiarts, ropes, 
bfaviiigs, gear, etc,, to wear to anything apprombing 
breaking point, inspection is nece,ssary to ascertain when 
n-newals should bt* made. Ihe lrctpu‘tuy of such 
iiispfclioii may vary consideiably. according to the 
aimumt of service the lift is called upo!t to t»erforin, but 
I havt* found it reasonabk" to insist upon an inspei tion 
after every tHKHt jiimiieys, with a maximum interval 
of tlin‘e months between inspect it ms. 


Discussion lua’Oia*: 'rin*: iNsmunttN, 17 Janu.vkv, 1924. 

Mr^ W. S* On Bilker: Vlu' antliar suggests that it ! particularly where a sheave h iliiveu by the rope ami 
is necessary in this country f 4 »r a .spm ial type tif lift to ' imivi s ahmg a shaft, with a timdem y h>r the \virc*s 
be developed, and implUrs that tlu^ types of lifts used ! to be pbicketl tint. Nearly all our lifts are limit with 
in America are not tpnte snitidde for this country, but j S bemls, ami these cause much wejir on ropes, nioit^ 

1 do nut understaml wUv this sliitukl be so. ‘rhert‘ j particularly on the counterweight ropes. Hie author: 
arcMuauy places in Anierica \vhi*ie 1 lie ctindit it ms nurd ; doi's not refer to the methods adopted for altm lung 
be o.xuctly .similar tt> those existing here. I do not, of ; ropes to the car and to the rounterweiglit.. It m ahso- 
course, mean to suggest lluil. that is a reason lor not | lutely essential that the strain shotdd, as far as p«^ssible, 
seeking impruvemeuis. 1 am in agremiient, from rather j he eiinalized tinoughoiit the wire.s of the rope. \\e 
a different point of view, with the author in his remarks j have tried a number of dilfereiii inelliods. The tir.st was 
regarding the hicution of lifts by archidfcts. It it; quite j the spliced eye, ami we have finally adopletl u metalhnb 
usual for an oflke lift to be placed in the basement, j in end somewhat on the same lint'S as a colliery fixing, 
generally next to 11m boiler, where the conditioiiN, liotU 1 choosing a metal of rather definite pioporthm.s ''4dc i 
mechanical and electrical, are by no means ol the^be.st, : seemed to give very good lesnlts. Our tixiiign wnl 
'Hie cost of mainimtiuice of sm h ;t lilt must necessaijjily aetnally withstand a greater strain than the rope. )u 

be greater than if it were'placeil at the top of the shaft. the question of the }iositiim of the worm, iny own 

The question of lift speeils is ahmnd. entirely otu^ <»f perr*onal preference is f*ir flu* worm to be below the 
coiitr?)!. The kinetic energy in a lift will vary as the | wheel, for this reason : t iiere is no perceptible tliffetem.e 
sipiare of the .speml, and Ihmefore tlM‘ stopping of a j in the two cases as to lubrication while the load is on, 
lift at high spiaxls is distinctly dillicult. In this country | but when the Hfi has been standing ftir some tune, if 
the majority of lifts nuining at onlinary spin.*<ls are j the worm is above there is a tendency for the oil to be 
stopped by lh« current being switched'oft and the ; squee/ed out froin between the wheel and the 'vorm. 
brakes being applied. That is satisfactory under some I owing to the coiiHlunt weight on the muchitie. Hie 
circum-stauces and at low speeds; but with high sfieed \ result is that the worm Ims to start and the wheel has 
lifts, or lifts which have to ileal with eonsiderahly varying | ti> make some part of a revolution befon^ any oil is 
loads—for instance, a railway lift with a load of | carrierl up to the working faces. If the worm is btdow. 
cither nothing or (M) or 70 pas.siingers -it is tiece.Hsary i it is constantly immerseil in oil and a paituU tuin rd i le 
to I’cducc the speed of tlie lift to some predetermined ; worm is enough. Tlie design shown in Jdg. H appears 
constant. The author .sluiws in Fig. U hi^vv this can f to he very ugly, as determined by the height of tiu* 
be done by means ot dynamic braking. The system | centtivline of the motor shaft from the bed plate, due 
illustrated in Fig. 11 (h) is almost identu>al, in^ fact, S to the motor height. I .sei*~ no reason why a special 
with that in nscMii the Fitdergromui Kaibvays’ lifts. | motor should not be developed in this cnunliy f»'r hit 
The periodic variations of the acceleration curv*e shown ^ work. The tirst conskleration is that the anuatme 
in l^'ig. 6 (/.i) arc very curious, and it: occuned to me that j should have low luass and small radiu-s, *lhe anthoi 
they might be, in part, Vine to vaiialions in tlie torque | refers to gt^arless lifts df!V('1of#t*d in Aiueiica. I have 
of tlie motor, and also to variations in the angular \ had the opportunity of si‘eiiig these lifts, and from a 
velocity, due to the fact that the gear i.s a worm ! nuiinlenance point of view 1 think rather highly of 
gear, which gears are sometimes not very easy to j them. Thc^y have only two beuiings, and there is 
control so as to give an absolnlefy uniform spml. 1 [ nothing else renewable in the onJinary twHianical 
agree with the author that ropes of not high a ( wearing sense. The machine is more cosily, hut with 
teii-sile strength will tindoiihledly last longer. In many ! a 2 to 1 roping on the car and on the connierweight I 
cases I have found it an advantage to use rtipes of a j think it is a very attractive propoHilioii iiideed, moie 
hcavy-gange wire rather than of very line-gauge wire, i particularly if one is nut tied <lowii to a bav speed, 



842 


MARRYAT: electric PASSENGER LIFTS: DISCUSSION. 


There is mother interesting point of (Terence l^tweep 
American practice and English practice. The English 
lift manufacturer seems to rely for control very largely 
on sliding contacts, the bulk of the lift controllers bemg 
more or less motor/starters. The American gear is 
almost entirely built up of what are known as clapper ” 

’ switches, and from a maintenancerpoint of view, as there 
is very great difficulty in these days in getting really 
skilled men, this type of switch is, in my opinion, far 
preferable. It should be quite easy to renew the 
contacts, and I have found the gear to give very little 
troubl indeed. I am entirely in agreement mth the 
author*s views on the question of safety devices. I 
have urged theijie views from time to time. On the 
Underground Railways we interlock very much in the 
manner indicated by the author, although we may not 
be quite so up to date in some respects. 

Mr. J. T. Mould : I am particularly interested iq the 
author's statement in regard to the importance of 
acceleration and deceleration. All the examples which 
he gives refer to direct-current lifts, but I should like 
to hear Ms experience with alternating-current lifts, 
particularly with regard to deceleration. The device 
patented by Mr. Murray B. Scott, wMch he mentions, 
is one that I saw used about the year 1902. At any 
rate the principle of the armature diverting-resistance 
was used and the same principle was adopted by the 
Cutler Hammer Manufacturing Co. in connection with 
cranes as long ago as 1898 or 1899. It is quite possible 
to get perfectly reliable and smooth deceleration and 
acceleration, but the control apjparatus must be very 
carefully designed. Mr. Baker mentioned the superiority 
of clapper switches over sliding-contact switches. My 
company used to supply a great many lift controllers 
with sliding contacts, but now all our designs have butt 
contacts. 

Mr. B. A. Siden; The maximum capacity of a 
building is a very vital factor in arriving at the lift 
equipment. The author of the present paper is rather 
in disagreement with the American figures and those 
given in Mr. Day's paper, but they tally with my experi¬ 
ence, i.e. they run from 80 to 100 sq. ft. per person in 
office buildings. From the rest of the information given 
in the paper, it will be more easy than formerly to deduce 
the lift service required. One important point which 
the author raises is that the specialist is too seldom 
consulted in these days with regard to Hits, which are 
becoming more complex every year. The most impor- 
t^t thing in connection with a lift is the maintenance, 
and tMs has a very considerable bearing on the question 
of design. There is a great difference of opinion between 
the relative merits of sliding contacts and clapper, or 
contactor, types of contacts. A great difficulty is, in 
my experience, to get the mmntenance staff properly to 
maintain a sliding contact. If that were done I should 
always prefer a sliding contact where it is allowed to be 
self-cleamng, i.e. where the pressure is correct and where 
the surfaces are ample in area and the current density 
consequently low. If a carbon-block contactor gear 
is adopted it is essential to keep the current density 
very low. In many of these devices the current density 
is high, with the result that the contacts, fexible con¬ 
nections and springs become heated in the course of 


the day's run. I am of opinion that the running of 
lifts should be governed by regulations, but until that 
is done people will be inclined to scamp the maintenance 
because it is expensive, with the consequence that the 
lift may be allowed" to run until a brealcdown occurs. 

I have had experience of lifts by almost every maker 
and under var 3 nng conditions and I prefer the over¬ 
driving worm. The worm is the portion of the worm- 
gear which gets the most wear, as the wear occurs 
practically on one tooth of the worm, whereas on the 
wheel it is distributed completely round the periphery 
of the wheel. When thp worm isr above it is very easy 
to inspect, but if it is underneath it involves opening 
an inspection door and removing the oil from the 
gear case. The fitters will not do tMs unless they are 
specifically instructed. There are several makes of 
winding gears which have unbushed bearings. The 
result is that in a few years the whole of the gearc^e 
may have to come out and be put on to the bormg 
machine, which is a big and costly operation, whereas 
if the bearings had been bushed the only: renewal 
necessary would have been two gunmetal bushes at a 
cost of, say, £5. With regard to the question of the 
height of centres, in a Mgh-speed lift there is bound to 
be some vibration, however well the armature of the 
motor is balanced. The Mgher the centres of the main 
shaft, the more the vibration is transmitted through 
the ropes to the car. By keeping the main driving-shaft 
centres low, I find that the vibration is kept within 
reasonable limits. I think that the question of alter¬ 
nating-current lift practice should have been raised. 
Alternating current is becoming more and more impor¬ 
tant through the activities of the Eledtridty Com- 
missipners, and its use is being developed considerably, 
especially in provincial areas, and the application to 
lifts will cause difficulties, as at the present moment the 
practice in regard to alternating-current Hfts is, I con¬ 
sider, very much beMnd. There is a type of controller 
known as the eddy-current control" in connection 
with two- or three-phase lifts, and for simplicity it 
cannot be exceUed. It consists of the usual rotor with 
three slip-rings, and a double-pole reversing contactor 
for the stator. The three-core choker is connected 
across the slip-rings and takes charge of the . heavy 
currents which occur when the stator circuit is closed, 
TMs apparatus can also be used as a dynamic brake, 
but, of course, is only suitable for pol 3 ^hase work. 
Much development is needed in motors and control ge^ 
for single-phase a.c, lifts. I think that few people will 
dispute the fact tliat the top of the shaft is the ideal 
place for the winding machine. The question of roping 
is very important, and it is not only the cost of tiie 
1 ropes wMch is of consequence but the cost of fixing also, 
and this is usuaUy about 40 per cent of the cost of a set 
of ropes, so that the saving in the cost of rope renewals 
t>y proper selection of machine position is very con¬ 
siderable. In general, my experience is that uffiess 
Mgh-speed lifts are limited to certaia floors in a building 
no advantage is gained. In a building of 9 or 10 
floors a real advantage is only gained by using express 
lifts to serve floors above the tMrd or fo^J^th, but 
the better way is to employ a fast and a slow im, 
and let the latter take charge of the intermediate tram 
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and the lower floors, leaving the upper floors to the 
high-speed lift. Failing that, if there is only one Uft 
and that has to serve the whole of the building, a moder¬ 
ate speed of about 250 ft. per min. is best. 

Mr. B. E. Walker : The authof mentions the inade¬ 
quacy of the services provided in most of the buddings 
in the city. As time goes on and building restrictions 
are less limited, the height of buddings will be still 
greater and there wdl be still more demand for lifts. 

A large amount of consideration has been given to the 
question of acceleration during the past few years, 
and present-day and future lifts will accelerate faster 
than the old ones. The important point is to aim at 
even acceleration, no matter how fast this is. The 
author refers to the micro-drive lift, which possesses 
the advantage that it stops dead level with the floor 
under all conditions of load and speed. In addition, 
it is self-levelling should the position of the car vary due 
to the variation in the load. For example, should a very 
heavy load be pushed in on a trolley, when the front 
wheels enter the car the lift will drop, due to the sketch 
of the ropes, but the micro-drive lift automatically 
levels itself so that the back wheels of the trolley can | 
be wheeled straight on. The automatic decelerator was 
mentioned by one speaker as being an old method of 
connection. To my knowledge the same forms of 
connection have been used for many years not only in 
lifts controlled by a car switch but also in those operated 
by a push-button. Ab Mr. Baker remarked, most of the 
lifts on the tJnder^ound Railways are arranged in this 
manner. That method of connection does not, however, 
give absolute accuracy in the stopping of a lift, and it 
cannot eflect* automatic self-levelling, so that, while it 
is claimed to attain the same ends as the micro-drive, 
it is a rather difierent proposition and will not m^et 
the same conditions. Moreover, when applied to alter¬ 
nating current, which is becoming more ^d more 
commUbn in this country, the micro-drive is quite a 
simple matter, whereas I think there would be some 
difi&culty with regard to the automatic decelerator. 

Mr. W. D. Brakenrldge : I agree with Mr. Walker 
that the micro-drive is a very sound proposition. In 
regard to the automatic closing of the gates, there are 
on the market a good many fittings which appear to 
achieve this object satisfactorily. It is stated in the 
paper that the percentage of accidents is small. This 
may be so, but it should be less. Gate locks will reduce 
the risk to a large extent, especially in the case of 
hydraulic lifts, very few of which are to-day* fitted with 
electrical interlocks, or locks of any description. In 
Denmark locks are compulsory. Dual control, i.e. 
alternative car svdtch or push-button control, is a ^eat 
advantage ii^ a number of cases, especially in hotel lifts. 

Mr. P. Good: In the early part of the paper the author 
refers to the need for fundamental terms and definitions, 
so that people interested in the subject can understand 
each other more readily. It may be of interest to 
mention that the British Engineering Standards Associa¬ 
tion is preparing a comprehensive list of electrical terms 
and definitions which, with the author's help, could 
be made to meet his requirements. The author has set 
himself the difficult problem of gauging the lift require¬ 
ments of buildings. I think that he attaches rather too 
much importance to the total number of people using 


the lift at one floor, as the majority walk dawn. For 
lifts in London, where there are a large number of 
comparatively small buildings, the delay is very l^gely 
caused by the human factor, and the automatic lift 
which returns automatically to toe ground floor should 
be much more widely used. In ofiice buildings of 
three, four or five st2uies, an automatic lift returning 
to the ground floor, with satisfactory automatic door- 
closing, would most frequently meet the requirements 
and eliminate much of the human factor. The author 
refers to the safety gear for preventing a lift from fa^ng 
in the event of the ropes breaking.. On one occasion I 
was asked by a lift maker to satisfy the consulting 
engineer that his gear would, in the e'^ent of the ropes 
breaking, actually stop the lift within 12 inches, in 
accordance with his guarantee. We took a bight in the 
ropes with a slip hook, leaving a fairly considerable 
amount of rope loose, and loaded the lift to its full 
capacity. We then started the lift downwards until it 
was travelhng at full speed, and released the slip hook 
at a predetermined place. The hft pulled up within 
8 or 9 inches. It was. the only time that I have ev^ 
seen the safety device on a hft actually tested, and it 
was quite a damaging and expensive test. Perhaps 
by now a simpler test is available, as it seems desirable tq 
have a suitable means of testing safety devices. 

Mr. W. R. Rawlings : Can the author say why the 
continuous lift was superseded ? The paper makes no 
reference to the cost of energy in connection with 
electric lifts, and it would be interestmg to know how 
it compares with that for hydraulic lifts. In one 
case where I put in a service for a push-button-call 
lift, the proprietors were agreeably surprised to find 
that the total bill per week was only Is. 6d., although 
it was open for the use of the pubhc and their own staff. 
One interesting installation with which I had to deal 
was an isolated case of a 2-ton goods lift to serve six 
floors in a large furnishing warehouse. The plant 
consisted of a 4-h.p. gas engine with a 190 ^pere-hour 
battery working at 200 volts. A test was apphed by 
running a 2-h.p. motor and twenty 30-watt lamps for 
one hour.. During this period the lift was operated 
30 times from basement to top floor with a 2-ton 
load. At the end of the test the battery had only 
discharged one-third of its total capacity. ^ The firs 
year's gas bill amounted to only £10, agmn illustrating 
the very low cost of running an electric lift. 

Mr. H. Marryat (in reply) : I agree with Mr. Baker 
that there are many places in America where the build¬ 
ings are similar to those in this country, but I do not 
agree that the conditions of traffic are the same or that 
calculations arrived at from counting lift traffic per 
occupant of a building in America are applicable to a 
similar class of building in Great Britain. • Big varia¬ 
tions in lift requirements are found to exist in different 
American cities, and there are still greater differences 
between American and European requirements owing 
to variations in the conditions of employment, * dady 
routine, and psychological reasons. . 

The suggestion that the periodic variations in the 
acceleration curve shown in Fig. 6 are due to the fact 
that the reduction gear employed is the worm and 
wheel type is distinctly interesting. It was suggested 
in the paper that this effect is due to a combination of 
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causes, ^tid possibly this is one of them. The whole 
matter is being investigated further with improved 
apparatus. 

Passenger-lift engineers do not generally experience 
trouble due to the ropes failing at the point of fixing to 
the car or counterweight, such as is common in mining 
and large public railway lifts, th^ reason being that the 
smaller sheaves and sharp bends which have to be 
negotiated with the ordinary passenpr lift cause the 
rope to wear or fracture at the running surface before 
fracture develops at the .fixing. 

I note with much interest Mr. Baker's preference for 
the arrangement of worm gear with the worm below the 
gear wheel, in order to secure lubrication of those teeth 
of the wheel which come first into engagement when the 
lift is started after being at rest for a long time. I do 
not ’ i-'Hin k that this applies to the class of gear which we 
are using for the ordinary passenger-lift service in which 
a considerable amount of oil collects in the hollows of 
the worm-wheel teeth standing at the top, so that when 
after a considerable rest the gear is set in motion there 
is still sufficient oil to lubricate, immediately the worm 
and the few teeth which immediately follow, until the 
part of the wheel which has been resting in oil comes 
4nto engagement. 

The suggestion that a special motor should be 
developed in this country for passenger-lift use is excel¬ 
lent. Attempts have been made in this direction, but 
owing to different makers each developing his own 
particular motor, spare parts are apt to become expen¬ 
sive. This is a difficulty which might be overcome if 
it were possible for lift makers to co-operate with the 
B.E.S.A. in the standardization of leading dimensions. 

With regard to the use of clapper switches, the advan¬ 
tages are mostly on the side of reduced cost of manufac¬ 
ture. Owing to the ease with which gear of this type 
may be standardized, the parts can be turned out at a 
very low cost. My own company, in common with 
other lift makers, has employed them to a large extent 
in the construction of lift controllers. There is, however, 
an outstanding objection to clapper switches in the 
noise which they create in operation. The sliding- 
contact type of controller is practically silent and when 
properly constructed requires no more attention. 

In reply to Mr. Mould, the difficulties which are 
supposed to exist with regard to alternating-current lifts 
can be solved in a great number of ways, and it is a 
question rather of experience and choice between them 
than anything else. Two-speed squirrel-cage motors are 
satisfactory where the stops are not too frequent, but 
as the starting energy and the braking energy from high 
speed to low speed are entirely dissipated in the motor 
itself the machine is likely to overheat if the stops are 
frequent. *In such cases another solution must be 
sought. 

With regard to the devices patented by Mr. Murray D. 
Scott and referred to by both Mr. Mould and Mr. Walker, 
I understand that there is no claim of novelty as to the 
diagram employed but only as regards the practical 
means adopted to put this diagram into effect for starting 
and decelerating an electric lift—especially one running 
at high speed. 

With regard to the remarks of Mr, Siden, I do not 
wish to question the American figures of 80 to 100 


sq. ft. per inhabitant for certain classes of building, but 
I do say that the use which the inhabitants of a building 
and their visitors make of the lifts in London is not 
that of the same number of people in New York. I am 
in entire agreement with Mr, Siden in ^i^is remarks 
regarding sliding-contact switchgear, and I am glad 
to note that with his long experience he is able to support 
the views expressed in the paper as to the best arrange¬ 
ment of the worm and wheel and the best position for 
the gear in the lift shaft. I need'^hardly say that I am 
in agreement in condemnation of unbushed bearings in 
the gear box. 

As Mr. Brakenridge observes, there are many devices 
for effecting the automatic closing of gates, but I know 
of none which is at once effective and reasonable in cost, 

I am glad to hear from Mr. Good that the British 
Engineering Standards Association is prepared to include 
lift terms in its comprehensive list of definitions now in 
preparation, and I shall be very pleased to assist in any 
way possible. Mr. Good has referred to the automatic lift 
which returns automatically to the ground floor. This 
is an excellent solution of certain specific propositions, 
but has its limitations. Such a lift is a positive annoy¬ 
ance where the down traffic is considerable,^ as a person 
wishing to go down must wait for the lift to come up 
unless he happens to catch it at the particular floor 
where he is waiting. The method of testing mechanical 
safety-gear is that still usually employed. Governor 
safety-gear may be tested by increasing, by means of 
a field resistance, the speed of the motor above the 
prescribed maximum. 

Mr. Rawlings has pointed out my omission of any 
reference to the energy consumption of electric lifts 
and has given some interesting examples. In the 
paragraph dealing with the total cost of lift service, I 
referred to energy consumption as an item. It is a small 
one compared with the more important items—^rent, 
maintenance, interest upon capital, etc.—a point^which 
I have endeavoured to emphasize. The energy con¬ 
sumption of similar lifts running under different condi¬ 
tions will vary very much because acting upon the 
see-saw principle, with the average load counterweighted, 
the running current is only considerable with full load 
or no load and is negligible with average load. It has 
often been found possible to effect a large saving in 
energy consumption by adjusting the counterweight 
after the average load has been ascertained. This 
should always be done where a lift has been installed 
of too large a capacity for the work which it is subse¬ 
quently called upon to perform. This principle is of 
even greater importance when dealing with goods- 
lift installations where the conditioife of average load 
sometimes alter completely with a change of works 
routine. 

In reply to the question as to why the continuous 
running lift has been superseded, the reason is that in 
order to allow passengers to step on to and off the 
continuously running cars the speed must be so low as 
to be inconsistent with modem requirements.. The 
successor to the continuously running lift is the escalator 
in which the very slow motion is compensated by the 
fact that there is no waiting for a car, and by the possi- 
biUty of shortening the travelling time by walking up 
or down the steps of the escalator. 
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North-Western Centre, at Manchester, 8 January, 1924. 


Mr. H. G. Crews : In his opening statement the 
author says : “ Where electricity is available, it has 

practically superseded all other forms of energy for 
new construction/' I agree with that statement if 
the author will add the qualihcation if the price 
of energy allows electric driving to be a commercial 
proposition." I do mot think he meant to convey 
that in his opinion electricity is always preferred 
for driving lifts irrespective of the cost of energy. 
In a place like the West End of London, say in Bond- 
street, we do not look for a commercial proposition 
as we should in Manchester, where we do expect to 
buy things cheaply. I am responsible for a lift which 
is running in Bond-street, London, where the supply 
undertaking charge l|d. per unit. For similar machines 
used in Ancoats, Shudehill, or almost anywhere in 
Manchester to-day, the lift rate is 3|d. per unit. 
There is also a municipal high-pressure hydi'aulic supply 
in Manchester, but I do not think that that quite accounts 
for the difference. The same firm who use an electric 
lift in Bond-street also have a similar office block in 
Manchester, and there they have had a hydraulic lift 
installed. I could not persuade them to use an electric 
lift. Both are modern up-to-date machines doing much 
the same work and the cost of energy was the deciding 
factor. I quite agree with the author's remarks in 
regard to specifications for lifts. A number of the 
leading architects do realize that this is rather too 
technical a matter for them, but there are thousands 
of architects Mro expect good results without technical 
knowledge of the subject, and too late in the day^ ask 
makers to quote on the very brief specification whij^th 
they have drawn up. I cannot agree with the author’s 
remark on page 332 that " Serious danger attaches to 
the dr«m method of driving," etc. The V sheave or the 
drum-driv^ alternative is a very old controversy, and 
there is much to be said on both sides. I agree that 
more sheave drives are put in, mainly because they 
are cheaper, usually simpler, and to some extent more 
efficient; but there are many advantages in the drum 
drive, particularly in cases of heavy weights, for which 
purpose I consider them to be usually the best practice. 
The author says that rope cost is a very serious factor 
in the cost of a lift, but I have only once in a long ex¬ 
perience had to renew drum-driven ropes. If of suitable 
quality, a useful life of from 10 to 20 years can be 
certainly expected on an average drum lift, but the 
sheave-driven rope has, in my expeiience, an average 
life of about 5 years only—on a fairly busy lift in 
each case. I also disagree with the author when he 
says : " The cost of maintenance of an electric passenger 
lift in business premises varies from about £20 to £100 
per annum," I think that those figure are too high. 
In 1906 I obtained from users, or my own records, the 
actual maintenance figures of 12 hydraulic lifts, and the 
average cost was only £10 2s. per annum. I also took 
12 electric lifts and their average maintenance cost per 
annum was actually £9. Allowing for the difference in 
present-day values, I think £20 should be a maximum. 
It must be a very busy or expensive lift where this cost 


is exceeded. The method of reeving the ropes is, of 
course, very important. As reg^irds the efficiency of 
worm drives, I still specify self-sustaining conditions, 
but always somewhat ’reluctantly ; it seems a pity to 
confine oneself to something like 50 per cent efficiency 
when 90 per cent can be easily obtained with a worm. 
In some of the high-speed long-travel lifts, makers put 
in a high-efficiency worm and take extra precautions in 
safety gear. So many good safety gears have been 
shown in the lantern slides that I feel sure we need not 
in the future confine ourselves to self-s^istaining condi¬ 
tions and introduce the low-efficiency worm. This is 
what I suggested in a paper which I read in 1906* : 

" In the author's opinion, if higher efficiency gear is 
generally adopted by makers in this country for busy 
electric lifts, a second brake will become imperative. 
Possibly a modified power band brake, acting on an 
extension flange of large diameter overhead sheave, and 
arranged for mechanical operation from cage in case 
of emergency, may ultimately be adopted, with an 85 
per cent efficiency worm gear, in addition to usual 
electric brake." I do not think that that suggestion^ 
has been adopted, and perhaps it is not to-day the best 
method, but some modification of it would, I believe, 
prove to be a simple and cheap arrangement.' I agree 
that the combination of press-button and car-switch 
control is often a most desirable thing. I have in some 
cases adopted this and found owners very satisfied 
with it. There is nearly always a slack time on a lift, 
particularly in such places as hotels. In such cases 
an attendant is employed to work the car switch, with 
rather quicker running, for the busy period, and when 
traffic is quiet the slower automatic press-button control 
is used. Nowadays most people are able to use a press- 
button lift intelligently. The double equipment does 
not cost very much more, if it is done at the outset, and 
in many cases it results in a saving in wages and proves 
a great advantage. On page 337 the author refers to 
a method by which current may be returned to the line. 
A great deal can be done in that way, but unfortunately 
the supply undertakings install a non-reversible meter, 
with the result that the user obtains no regenerative 
advantage at all. Lift owners may not be authorized 
to operate substations, but I do not see why they should 
not have the benefit of regeneration if done in a reason¬ 
able manner, and it is an easy matter to arrange. The 
failure of cage-locking devices is mentioned on page 339, 
and in my experience that is the principal cause of 
accidents. The design of a cage lock is much more 
difficult than appears at first sight, particularly the 
mechanical part of the design. Even to-day there are 
only two cage locks that I consider to be absolutely safe. 

I agree with the author that the cage should be lighted. 
In one case after an accident had occurred on a press- 
button lift, due to the lack of light, a key switch was 
placed in the cage and the light was switched on during 
all dark periods. In many cases the supply undertaking 
will charge such cage-lighting at the power rate, and 
the cost is negligible. I should be glad if, before the 
♦ “Lifts and Hoists,” 3906, vol. 37, p. 245, 
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paper is published in the Journal, the author would add 
some figures of high-speed lifts upon the lines of those 
I gave in my own paper, showing first cost, maintenance 
cost, energy cost, etc., as they would be very valuable 
to the profession and the engineering trades generally. 
I have myself taken out some up-to-date costs of half 
a dozen typical and most usual types running at from 
160 to 200 ft. per min. with 7- to 15-cwt. loads jand 
40 to 60 ft. travel, I do not think that the cost of 
energy.of more than one of these exceeds £10 per annum. 
The one exception is a very busy, rather high office 
block in Manchester, and in two years it has averaged 
only 1 099 units per annum. A Manchester cotton 
warehouse employing a lift for their goods uses only 
366 units per annum over a three-years* average. A 
fairly busy 16-cwt. lift in a block of chambers consumes 
666 units per annum over a six-years* average. A 
rather busy clothes warehouse over a three-years* average 
uses 663 units per annum. A busy hospital, with a 
bed lift which is used a good deal for patients, only 
averages 404 units per annum over six years. A rather 
busy office block in London has averaged 614 units per 
annum over two years. If power can be obtained at, 
say, not more than 2d. per unit, the cost is very low; 
jeven at 3|d. it does not amount to anything serious and 
compares very favourably with most hydraulic charges 
for similar duty. 

Mr. G. E. Raeburn: In view of the further and 
closer investigations now being made, I would suggest 
that the author in his reply to the discussion give, if 
possible, an explanation of the large variations in the 
rate of acceleration during the accelerating period as 
shown in, say, Vig: 6 (b). These variations are of great 
interest, but at the same time it would appear to me 
that the method previously adopted of investigating 
the acceleration period may have tended to exaggerate 
the changes unduly. There seems to have been some 
timidity on the part of lift engineers in this country 
in hitherto limiting the speed to 400 ft. per min. I 
would suggest that those engineers study the subject 
of the design of electric winders which also carry passen¬ 
gers, run at speeds up to 4 000 ft. per min. and are really 
super-lifts. Acceleration in such lifts may be as much 
as 6 ft./sec./sec., and hand-decking is accurate. The 
study also of what has been done in semi-automatic 
blast-furnace hoists and chargers would also broaden 
the view. A table hoist, for instance, works at speeds 
up to 600 ft. per min., acceleration up to 2 ft./sec./sec., 
and unbalanced loads up to 4J tons with cages 
weighing from 2 to 4 tons. They are started by hand 
control, and retarded and decked level automatically, 
Ward-Leonard control is generally used. One speaker 
in th discussion has described passenger lifts as being 
highly efi&oient, but presuming he referred to the more 
general type of d.c. drive, Ihe contrary is, the case, as 
in addition to the series resistance losses in the con- 
trohex there ^e large losses due to the diversion of the 
armature current during starting and stopping. The 
tendency now in the United States seems to be to 
install Ward-Leonard control with and ydthout ** weak 
field ** speeds, for the purpose of obtaining advantages 
of efficiency and safety, better acceleration and speed 
control with little loss. It appears to me that it is on 


these lines that the future high-speed, high-efficiency 
lift should be developed in this country, 

Mr. A. B. Mallinson : The author refers to the 
excessive tope wear which takes place with the arrange¬ 
ment shown in Fig. 7 (/). I have had the same experi¬ 
ence with cotton rope driving, and the conclusion that 
I came to was that the trouble was due to bending 
the rope in the reverse direction almost immediately. 
Even a slight bend will affect the fibres of the rope 
very materially and shorten their? life. I suggest that 
the same reason may account for the short life of the 
steel ropes with this system of reeving. On page 330 
the author refers to accelerations up to 300 ft. per min. 
in a distance of 24 inches. That will result in a rather 
large peak load relative to the motor horse-power, 
which will possibly cause the supply undertaking to 
charge a somewhat higher power rate. 

Mr. G. F. Sills : A previous speaker referred to the 
effect on the human frame of rapidly accelerating lifts. 
I found this most noticeable on the very high buildings 
in the United States and Canada, particularly after 
about 10 to 14 stories. Presumably, matters cannot 
be mended, as for commercial reasons the lifts must be 
made to travel fast on these extra high buildings; 
otherwise extra lifts would be needed to carry the traffic. 
I could never understand why in buildings costing, 
say, £100 000, there should often be such inadequate 
lifts. One sees notices to the effect that only so many 
persons may be carried, a number which does not at all 
fill the lift, and the attendant has to refuse waiting 
people when there is plenty of room. Surely a lift 
serving large blocks of offices should be capable of 
dealing with as many people as can be got into it, and 
ther^ should be no question of the rope, the mechanical 
p8^ of the lifts, or the motor, not being large enough 
to deal with an extra passenger. I am inclined to think 
that when the motor operating the lift is unduly cut 
down, and on occasions when one person more^ than 
the authorized number is taken in, the slower accelera¬ 
tion of the lift is quite noticeable. Offices in a high 
building, even on the fourth and fifth floor, are of no 
use to anyone ui^ess there is a very reliable lift, 

Mr. J. S. Peck ; I think that the irregularities in the 
acceleration curve may possibly be due to the elasticity 
of the ropes. I have seen deep wells being drilled, 
by means of a very .heavy tool on the end of a long 
rope. The action in this case was as though there 
was a weight on the end of a rubber string, where the 
vertical movement of the top of the string may differ 
both in time and amplitude from the vertical movement 
of the weight. In order to get the movement of the 
tool to synchronize with the crank for lifting the rope, 
it was necessary to adjust the engine speed very care¬ 
fully. It seems possible that a somewhat amilar action 
takes place on a lift, where, due to some inequality in 
the controller, the rope is suddenly stressed and, being 
elastic, stretches : the lift tends to follow the rope, but 
at a later period, and thus oscillations are set up which 
may appear as irregularities on the acceleration curve. 

Mr. T. E. Herbert: It has been said that there is 
nothing that the mind of man can conceive winch is so 
absurd that some fool will not do it, and l^t would 
appear to be literally true of many lift accidents. For 
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example, a certain lift had a double gate, locking in the 
centre. The attendant bad not shut this outer gate 
properly, and actually put his hand through the inner 
gate to close the outer one, and with the other hand 
put on the current, with the result that his hand was 
seriously injured. Lifts should certainly be made 
quite foolproof, and it is essential that round the 
lift locks there should be a plate which would render 
it impossible for anybody under any circumstances 
to get at the outer loqk from the inside. If an attendant 
has failed to close the well gate, it must be physically 
impossible for him to, get at it until he has opened the 
car gate. I think also that in every case there should 
be a gate not only on the well but also on the car, 
and both of them should be locked. For alternating- 
current lifts it is very convenient to have a direct- 
current supply to operate the controls. In very many 
cases considerations of safety would render it worth 
while to install a battery of accumulators and a small 
motor-generator for the purpose. Post Ofi&ce practice 
generally aims at a maximum of safety. I am glad 
that the author draws attention to the precautions 
necessary when the attendants are dealing with the 
maintenance of lifts. In some cases serious risks are 
taken as,the result of familiarity. * 

Mr. H. C. Lamb : Mr. Crews in the course of his 
remarks criticized the Manchester supply undertaking, 
but he went on to instance a number of cases in Man¬ 
chester of large buildings where the power consumption 
of the lifts was shown to be very small. The explanation . 
of the high price of current in the case mentioned 
by Mr. Crews is that tariffs have to be arranged with 
due regard to the relation between the consumption 
of power and the demand. If the load factor is very 
low, the price per unit must be high, but with a reason¬ 
able load factor the price per unit for lift motors would 
be only a small fraction of that quoted by Mr. Crews. 
Mr. Cjews’s ideal supply for lift work would evidently 
be a low price per unit and a reversible meter, so that 
at the end of the quarter the amount of the bill would 
be negligible. I believe that there are at present over 
1 000 lifts on the Manchester mains, and no doubt the 
effect of the reduction in charges (which comes iiito 
operation this month) will be to increase this number. 

Mr. H. Marryat (in reply) : In his opening remarks, 
Mr. Crews seems to suggest that with electricity at 
3|d. per unit hydraulic power is preferable for lift 
service. For ordinary passenger lifts I cannot agree, 
and I think tliat Mr. Crews answers the pqjint himself 
when he says, at the end of his remarks, '' if power can 
be obtained . . . even at 3fd. it does not amount 
to anything seripus and. compares very favourably 
with most hydraulic charges for similar duty.*' 
Mr. Lainb desds ^vith this point later in the discussion. 

I think that Mr. Crews is mistaken in attributing in 
any way to cheapness the rapidly increasing preference 
for the sheave drive. A drum-driven lift, as now very 
often installed, is less expensive because a drum may 
be employed of smaller diameter than a driving sheave. 
The worm gear and motor may therefore be of higher 
speed and less weight. Such a drum drive as I am 
referring to necessitates the use of leading wheels and 
is hard upon the ropes. In ray opinion the sheave 


drive has won in the controversy to which Crews 
refers, because of its simplicity and safety. I quite 
agree that where the drum in a drum drive is of sufficient 
diameter and leading wheels can be avoided, the best 
rope condition has been attained. I am extremely 
interested in the figures which Mr. Crews has recorded 
for the cost of maintenance, but for the class of lift 
which I have in mind, namely, high-speed and very 
busy passenger lifts often built to conform with adverse 
conditions, much higher costs are involved. Some of 
these lifts make as many as 2 000 trips per day. It 
will be noted that the figures given date back as far as 
1906 and, allowing for post-war increase in prices, he 
reaches my lower figure, which repre^nts probably a 
similar class of lift to those he has in mind. The second 
brake, which should be installed if the self-sustaining 
feature of the worm gear is abandoned, must certainly 
act upon the wonn-wheel shaft and may be operated 
electrically in a similar manner to the smaller bralce 
on the motor coupling. The type of brake suggested 
by Mr. Crews would be in every way suitable and 
probably less costly than one of the shoe type, for 
large capacity. I am not in the independent position 
necessary to give the authoritative figures asked for 
regarding the prime cost and costs of maintenance and^ 
energy consumption of lifts of various t3q)es. I suggest 
that Mr. Crews himself should follow up his excellent 
contribution to the subject with another, bringing these 
figures up to date. 

In reply to Mr. Raeburn, the further investigation 
now in hand is not sufficiently advanced to allow of my 
saying anything further upon the subject of accelera¬ 
tion, but I hope to do so as soon as the experiments 
are completed. I certainly was not aware that winders 
were in operation at 4 000 ft. per min., although I have 
examined and can testify to the excellence of the 
acceleration attained with machines running up to 
2 000 ft. per minute, in view of the probability that 
600 ft. per minute will for long remain the maximum 
economic speed for passenger lifts in this country, it 
is doubtful if the Ward-Leonard system of control will 
be adopted to any considerable extent, as the stand-by 
losses would be likely to outweigh any control economy 
effected. . . 

Mr. Mallinson fears that acceleration to full speed in 
a short time and distance will mean an increase in the 
maximum demand. This need not be so if the accelera¬ 
tion is achieved, as it should be, upon a perfectly smooth 
curve; indeed, the result would be a distinct improve¬ 
ment upon the usual conditions. In any case, the 
energy consumption of an electric lift is principally 
confined to the starting period. 

Mr. Sills has called attention to the absurdity of 
installing lifting maclainery of insufficient eapadty to 
raise the car when it is only comfortably full of 
passengers. This condition is pressed upon lift makers 
daily by purchasers who insist upon the car being of a 
size to fill a certain definite space and upon the machine 
being only large enough to lift a specified load which 
it is believed will be the ’maximum and which is less 
than the capacity of the car. A good allowance for 
the floor space 6f the car in a city lift is sq. ft. per 
person, and a rather greater allowance, say 3 sq. ft. 
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per person, for lifts in West End establishments. The 
machine should always be of sufficient capacity to lift 
the car so loaded, with a margin to spare. 

There is no doubt that Mr. Peck is right in attributing 
partly to elasticity of ^e ropes the periodic form of the 
acceleration curves shown, but I believe that other 
factors are also involved. I msy say that the rope 
makers are extremely interested and have asked to be 
kept posted with the results of further experiments, 
towards which they have made some valuable sugges¬ 
tions. 


r 

A number of accidents have occurred in the way 
described by Mr. Herbert. The true solution of this 
difficulty is the mid-bar gate, which is so constructed 
as to make it impossible for the attendant or any other 
person to put his hand through the bars of the gate 
for any purpose. On existing gates of ordinary con¬ 
struction a protection may be provided by covering 
the space around the locking gear, or where one is 
likely to be tempted to put a hand through, with 
leather. This will collapse with ^he gate when it is 
opened. 


Birmingham, 20 February, 1924 . 


^ouTH Midland Centre, at 

Mr. W. F. Higgs: In many instances the author 
refers to American practice ; it is a pity that our engi¬ 
neers are becoming copyists rather than maintaining 
their tradition of originality. The author refem to 
escalator and other types of lifts, but he has omitted 
to comment upon tlie continuous cage type. Although 
it travels slowly, it carries a large number of people. 

I have seen a number of these working satisfactorily on 
the Continent. The author does not say what was 
the result of switching the 21-h.p. motor straight on 
T:o the line. If this can be done, why not adapt series- 
parallel control to series motors without starting resist¬ 
ance ? I should like to ask the author why preference 
has so often been given in the past to marine thrust 
bearings rather than to ball thrust bearings; and what 
are the possibilities of using magnetic clutches in con¬ 
junction with a flywheel on the motor. Complications 
would no doubt arise, as two clutches and reduction I 
gears would be necessary to obtain the reverse , on the 
other hand, the consumption of power would be less, the 
motor smaller, and the control more simple. The author 
rightly emphasizes the importance of “ Safety First, 

• and if there is one class of machinery that requires this 
consideration, it is lifting and hoisting tackle of all 
descriptions. 

Mr. F. H. Mann: Difficulty has occasionally been 
experienced in obtaining a suitable friction material 
for the brakes. The chief troubles in this connection 
have apparently been due to variations in ihe coefficient 
of friction, leading to un^rtainty in locating the cage. 
Chattering has also occurred, with consequent discom¬ 
fort to the passenge:rs. The former trouble is most 
pronounced in the case of push-button control, frequent 
adjustment of brake-spring tension being required to 
cause the lift to stop at the required point. Chattering 
is probably due to the same cause that accounts for the 
' violent surges recorded by the author as occurring 
during acceleration, viz. the elastic nature of the 
suspensory ^system. In the case of lifts running on 
alternating current, single-phase solenoids have some¬ 
times been used, usuaUy with poor results. Three- 
phase solenoids are satisfactory, but it would be inter¬ 
esting to hear whether any device has been introduced 
to enable the simplicity of the single-phase solenoid 
to be retained, without losing reliability of operation. 

Mr. F. O. Harber: Referring to the remarks that 
have been made in regard to copying American pra.ctice, 
it should be borne in mind that engineers must obviously 


be influenced by general conditions prevailing outside 
their control. This applies particularly to lift engineers. 
Whereas American lift engineers have had very great 
advantages over British engineers owing to the rapid 
progress that has been made in the design of buildings, 
this rapid progress has caused the lift industry to a^ume 
large proportions and consequently more time is ex¬ 
pended on desi^. It is true that conditions vary in the 
different countries, but surely if we can learn anything 
from another country it would be a short-sighted policy 
not to do so. The lift engineer is, unfortunately, not 
usually called in for consultation until the last moment, 
and the architect, more often than not, relegates the 
lifts to some obscure comer which he cannot otherwise 
utilize, with the result that the ideal aimed at is often 
impossible. This is evident from the last lantern slide 
shown by the author. From the author's statement 
that the maximum hft speeds in this country are 400 ft. 
per min., and from the correspondence in the Electrical 
Reui^iV on this point, the inference might be drawn that 
higher lift speeds cannot be attained. This is, of 
course, erroneous, as any speed within reason can be 
provided for by British lift engineers, the point being 
that high-speed lifts are not required in this country, 
as the average service is for 4 floors, and about 
10 floors is exceptional. Even in the latter case, 
however, it would not be necessary to exceed 400 ft. 
per min. In regard to acceleration, if the rate of 
acceleration is constant no discomfort should be 
felt by the passengers. The number of steps of 
starting resistance may not be directly responsible for 
the periodic leaps in the curve, but the time interval 
between each step will have an effect in this respect, 
I should be glad if the author would say if he has tried 
cutting out*^ the series field in steps at starting and, if 
so, what results were obtained. The author gives a 
regenerative circuit for accurate floor stopping, bnt 
this is only applicable to d.c. supplies. Can this diffi¬ 
culty be overcome in the case of a.c. supplies ? In push¬ 
button operation, what method is used for eliminating 
interference from the landings during the period between 
the closing of the car gate and the time of pressing the 
car push ? li. a landing push is being pressed, immedi¬ 
ately the car gate is closed the car will obviously go to 
the floor corresponding to the landing push. I cannot 
agree that the over-driven gear appears to be the sounds 
engineering job. In my opinion, if the machine and 
motor are properly desired the under-driven type 
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makes an entirely compact and substantial job, although 
a little efficiency may be sacrified due to the churning 
of the oil. 

Mr. H. Marryat {in reply) : Mr., Higgs has referred 
to the contifiuous running lift which I have‘dealt with 
in answering Mr. Rawlings in the London discussion. 
With regard to the experiment in switching on the 
21-h.p. motor without starting resistance, the motor 
did not suffer in any way and the commutator was not 
damaged as we rather expected it would be, but the 
contactor switchgear wgis put out of action. Of course 
there was a certain amount of main cabling in circuit, 
and a 300-ampere fuse was not blown. I think “that 
marine thrust bearings were only preferred to ball 
bearings at a time when the latter were neither so well 
designed nor made as at present. The question re¬ 
garding magnetic clutches seems to suggest a con¬ 
tinuously running motor. This would be expensive, 
as the actual running time of a lift is small compared 
with the standing time. At one time we developed a 
system of control in which the field of the motor was 
kept constantly excited, but it was found that the 
energy consumption of the field with this system ex¬ 
ceeded the total consumption of the motor with the 
usual form of control, in which there is no current 
passing when the motor is standing. 

The chattering referred to by Mr. Mann is more usually 
the result of bad guide alignment than of brake trouble, 
and the necessity for frequent adjustment of brake¬ 
spring tension indicates that the brake is of insufi&cient 
capacity. I would sooner have a large brake with plain 


wood blocks than a small brake with any patent lining. 
Where a lining is employed, *'Ferodo*’ or something 
of a similar nature is most suitable. With regard to 
single-phase solenoids, when projgerly designed these 
may now be relied upon to give good results. 

I am in entire agreijment with Mr, Harber in his 
remarks upon American practice. Certainly we should 
learn all we can of their greater experience, but, bearing 
in mind that conditions are in many respects different 
here, I am anxious that we should not continue to accept 
American figures without query and that we ourselves 
should make such investigations as axe necessary to 
the design of lifts specially suited for this country. In 
an endeavour to obtain a more constant rate of accelera¬ 
tion I have tried cutting out the series held in steps, 
but without any very definite result, or none that I 
have recorded scientifically. The number of com¬ 
binations of starting conditions is almost infinite, 
commencing with the great number of different wind¬ 
ings which may be designed for a motor of definite 
capacity. The regenerative method of control cannot 
be applied to alternating-current circuits. For high¬ 
speed and varying loads upon an a.c. circuit a two- or 
three-speed motor must be employed and the mechanical 
brake relied upon to bring the car to floor-level from 
the low speed. In reply to the question regarding 
push-button control, when the passenger places his foot 
upon the floor of the car the landing pushes are cut out 
of circuit by means of a contact in the car floor, and the 
car remains under the control of the passenger until 
he steps out. 
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The Annual Dinner of the Institution was heW on 
Thursday, 21st February, 1924, at the Hotel Cecil, 
when the President, Dr. Alexander Russell, presided 
over a gathering numbering about 600 persons. 
those present rrere: The Rt. Hon. the Viscount Chetos- 
ford, P.C., G.C.M.G., G.M.S.I., G.M.LE., G.B.E. (First 
Lord of the Admiralty), The Rt. Hon. Lord Southborough, 
P.C., G.C.B., G.C.M.G., G.C.V.O., K.C.S.I. {Hilary 
Member). The Rt. Rev. Bishop H. E. Ryle, K.C^.O., 
I),D. (Dean of Westminster), The Rt. Hon. Sir Hei^y 
Norman, Bart., P.C., Sir George Sutton, Bart, Sir 
Archibald Denny, Bart., LL.D. (Chairman, British 
Engineering Standards Association), Sir Chaxles Sh^ng- 
ton, D.Sc. (President, Royal Society), S\x Frank 

Heath, K.C.B. (Secretary, Department of Scientific and 
Industrial Research), Sir Evelyn Murray, K.C.B. (Secre¬ 
tary, General Post Office), The Hon. Sir Charles Parsons, 
K.C.B., F.R.S. (Hon. Member I.E.E., and President, 
Institute of Physics), Sir William Clark, K.C.S.I., C.M.G. 
{Comptroller, Overseas Trade Department), Sir Thomas 
Holland, K.C.S.I., K.C.I.E., F.R.S. (Rector, Imperial 
College of Science and Technology), Sir John Cadman, 
K.C.M.G., D.Sc. (President, Institution of Mining 
Engineers), Sir Westcott Abell, K.B.E. (Chief Ship 
Surveyor, Lloyd’s Register of Shipping), Sir A^ur 
Colefax, K.B.E., K.C., Sir James Devonshire K.B.E. 
(Vice-President), Sir John Dewrance, K.B.E. (Presmnt, 
Institution of Mechanical Engineers), Sir Arnold Gndley, 
K.B.E., Sir WilliamHale-White, K.B.E.,M.D. (President. 
Royal Society of Medicine), Sir Joseph Petavel, K.B.E., 
D Sc F R S (Director, National Physical Laboratory), 
Sir Robert Robertson, K.B.E., F.R.S, (President, 
Faraday Society), Sir Arthur Durrant C.B.E., M-V-O., 
(HM. Office of Works), Sir Hugh Thomas, C.B.E., 
Sir Joseph Broodbank (President, Institute of Transport), 
Sir Harry Haward (Vice-Chairman, Electricity Com¬ 
mission), Sir James Kemnal, Sir William Noble, Sir 
Ernest Rutherford, F.R.S. (President. British Associa¬ 
tion), C. T. Allan (Chairman, Western Centre), R. L. 
Barday, C.B.E. (Chairman of Council, London Chamber 
of gommerce), J. W. Beauchamp (Member of Council), 
H. Booth, O.B.E. (Elearicity Commissioner), A. C. 
ri-igpman , F.R.S. (President, Institute of Chemistry), 
Commander F. J. Cleary, U.S.N. (Assistant Naval 
Attach!, American Embassy), F. W. Crawter (Member of 
Council), Colonel R. R. B. Crompton, G.B. (Past Presi¬ 
dent and Honorary Member), R. A. Dalzell, C.B.E. 
(Director of Telegraphs and Telephones, G.P.O.), W. R. 
Davies, C.B. (Principal Assistant Secretary, Technical 
Branch, Board of Education), Robert W. Dibdin (Presi¬ 
dent, Incorporated Law Society), Ca.'ptain J.M. Donaldson, 
MiC. (Member of Council), D. N. Dunlop (Member of 
Council), Iieut.-Col. K. Edgcumbe (Member of Council), 
Dr. S. Z. de Ferranti (Past President and Faraday 


Medallist), Rear-Admiral C. T. M. Fuller, C.B., C.M.G., 
D.S.O. (Controller of the Admiralty), F. Gill (Past Presi¬ 
dent), J. A. Gotch (President, Royal Institute of British 
Architects), J. Grosselin (Past President, Sociiti Franfaise 
des Electriciens, and I.E.E. Local Hon. Secretary for 
France), A. F. Haxmer (Member of Council), A. F. 
Harrison (President, Chartered Institute of Secretaries), 
J. S. TTighfiftid (Past President), H. Hooper (Hon. Secre¬ 
tary, South Midland Centre), J. H. Jeans, D.Sc., F.R.S. 
(Secretary, Royal Society), H. H. Jeffcott, Sc.D. (Secretary, 
Institution of Civil Engineers). J. E. Kingsbury, Lieut- 
Col F. A. Cortez Leigh, T.D., R.E. (Member of Council), 
C. D. le Maistre, C.B.E. (Local Hon. Secretary, AmeriMn 
I.E.E.), B. Longbottom (Chairman, British Electrical 
and Allied Manufacturers’ Association), A. B. Mallinson 
(Hon. Secretary, North-Western Centre), C. W. Matthews 
(Chairman of Highways Committee, L.C.C), S. W. 
Melsom (Member of Council), Lieut.-Col. J. Mitchell 
Moncriefi, C.B.E. (Chairman, Association of Consulting 
Engineers), W. M. Mordey (Past President), J. D. 
Morgan (Chairman, South Midland Centre), A. Page 
(Merriber ofCouncU, I.E.E., and Electricity Commissioner), 
G. W. Partridge (Mender of Council), C. C. Patemon, 
O B.E. (Vice-President), Colonel T. F. Purves, 
(Member of Coumcil, I.E.E., and Engineer-in-C^f, 
Q p 0,)^ W. R. Rawlings {Membey of Counctls, I.EM, 
and Illuminating Engineering Society), P. 

(Member of Council). P. F. Rowell E. H. 

Shaughnessy, O.B.E. (Chairman, Wireless Section), 1.1. 
Smith, C.B.E., F.R.S. (President, Physical Socuty of 
London), Roger T. Smith (Past President), C. P. Sparte, 
C B.E. (Past President), A. A. Campbell Swmton, F.R. . 
(Vice-President). W. J. Turrell, M.D. (President, Elecir^ 
therapeutic Section, Royal Society of Medicine), ■ 
Waygood [Hon. Secretary, Mersey and North WMes 
(Liverpool) Centre], and W. B. Woodhouse (President, 
British Electrical Development Association). 

After the usual loyal toasts, the President read the 
following messages from other sodeties: 


From the French Society of Electricians. 

"The French Society of Electricians send most 
hearty greetings to President Russell, to the Membws 
of Council and to the members of the iMttuhon of 
Electrical Engineers on the occasion of then Annua 
Dinner. They are most gratified at the eve^mweasing 
cordial relations between the two Institutions. 
Eschw:6;ge, President.^* 

From the American Institute of Electrical Engineers. 

■ " Kindly convey to President and membera I^tu- 
tion Of Electrical Engineers on occadon their 
Dinner hearty greetings and best wishes from offi 
and members.— Harris J. Ryan, President. 
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From the Italian Electrotechnical Association, 

** Prof. Ing. G. Sartori, President of the Italian 
Electrotechnical Association, regrets that, owing to a 
prior engagement, he is unable to acpept Dr. Alexander 
Russeirs kiijsd invitation to the Annual Dinner of the 
Institution of Electrical Engineers, to be held on the 
21st February. He is, however, glad to express his 
cordial feelings towards the Institution which, in unison 
with the Italian sister Society, is making noble efforts 
to achieve scientific results which will do honour to 
both countries. We send our best washes to the eminent 
Institution of Electrical Engineers.** 

The Rt. Hon. Viscount Chelmsford, P.G., 
G.G.M.G., G,M.S.I., G.M.I.E., G.B.E. (First 

Lord of the Admiralty), in proposing the toast of 
The Institution of Electrical Engineers,** said: 
The toast which I have to propose is coupled with 
the name of the President, a short biographical 
sketch of whom was sent to me about a week ago, 
containing the following passage: ' He was bom 

at Ayr in the year 1861, but without this fact 
being stated anyone who has met liim would realize 
he is of Scotch extraction.* I have been wondering 
why one would realize that he is of Scotch extraction, 
and the only thing which has convinced me is that he 
is sitting in the President*s chair. It wrill be found that 
Scotsmen generally manage to get into the big offices 
and the big positions. During my conversation with 
the President during dimier I have realized how small 
matters sometimes influence large events. The President 
tells me that 40 years ago he was competing for a 
scholarship at Oxford with the present Archbishop of 
York. While they were at the examination a telegram 
reached him to the effect that he had been elected to & 
scholarship at Cambridge. The consequence was that 
he went to Cambridge instead of to Oxford. One would 
like to Speculate whether, if he had got the scholarship 
at Oxford, he would have been Archbishop of York ? 

I can say quite confidently that he would not have been 
President of this Institution. Before I leave the subject 
of the President, may I add that he has been nominated 
to-day for a Fellowship of the Royal Society, which is, 

I suppose, one of the greatest distinctions to which any 
Englishman can aspire. Now let me turn for a few 
moments to the toast which I have to propose. I have 
been long enough at the Admiralty to realize that a 
modern ship, especially a modern warship, without 
electricity is almost inconceivable. In every Sphere of 
activity in that ship electricity almost invariably comes 
in. We must have light; it is electric light. We 
must have .ventilatibn ; it is through electric fans that 
we get it. "V^e must have communication; again it 
must be electrical. The control of gunnery, and the 
firing of modern guns, we can only get by uSing elec¬ 
tricity. There is one other matter to which I should 
like tojallude, because it happens to have been my lot 
during the short time I have been at the Admiralty to 
have been engaged in what seems to be that perennial 
controversy between the Air Ministry and the Admiralty. 
There is a point in that controversy which is not generally 
known, I think, but which is very interesting from the 
point of view of electricity. It is sometimes forgotten 


that when the Admiralty say that they would like 
wireless apparatus of their own on the aircraft which 
are going to play a part in the Fleet air arm, such wire¬ 
less apparatus in connection with^ naval operations is 
of primary importance—of far greater importance than 
the aeroplane itself—^bec|iuse upon the wireless apparatus 
depends whether the Fleet Commander is going to get 
the information that he is expecting from his aircraft. 
It stands in absolute contradistinction to what happens 
on land, because the pilot who is working with land 
forces is always able to land behind his lines and take 
his messages. No such thing is possible to the naval 
wireless operator. He has to send his message by 
wireless or it is not delivered at all. Then, again, take 
submarines. Unless a submarine had large secondary 
batteries it would be useless. During tlie last montli 
I have discovered that there is a development of the 
potentialities of submarines ; there is an anti-submarine 
department; and as the submarines get ahead in one 
direction the anti-submarine department gets to know 
of that direction and immediately proceeds to devise 
something by which the submarine can be countered. 
In both departments electricity plays an important 
part. I could go on, but I think that I have said suf¬ 
ficient to shov)* that the Navy is deeply indebted to 
electrical engineers for much of its efficiency. At the 
same time, however, I think that electrical engineers 
have some cause for indebtedness to the Navy. It is 
through the increasing requirements and demands of 
the Navy that electrical engineers are provided, as a 
profession, with a stimulus to fresh invention and to 
•fresh developments. I ask you to rise and drink with 
me the toast of * The Institution of Electrical Engineers,* 
coupled with the name of your President.’* 

The President, in responding, said : I am grateful 
to Lord Chelmsford for having spoken so kindly of our 
Institution and of our industry, and for having referred 
so Idndly to myself. In Lord Chelmsford we have a 
Minister who has filled the highest offices of State with 
distinction and universal acceptance. The activities of 
the Research Department of the Admiralty are reflected 
in the equipment of their latest vessels. They have 
proved that science is a weapon of greater potential 
value than weight of broadsides. Some of the activities 
of that Department will prove of value to the mercan¬ 
tile marine; for example, the radio-acoustic method of 
locating the position of a ship at sea and communicating 
the result to the ship in a few minutes. This can be 
done in rough and foggy weather and in all seasons of 
the year. The method can doubtless be improved. I 
hope that some of our younger radio engineers will turn 
their attention from devising new methods of receiving 
broadcasting to navigation problems which are jp urgent 
need of solution. I feel that it is within our power to 
devise means whereby a seaman in a cargo boat, or 
even in a fishing smack, would be enabled to determine 
his position at sea quickly and easily. Radio first 
proved its value in navigation. I,et us develop it further 
to lessen the risks of those that go do\vn to the sea in 
ships, that do business in great waters. The work of 
our Institution overlaps that of many other Institutions. 
We cherish feelings of lively gratitude to the Institution 
of Civil Engineers for ■their help when we were a young 
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and struggling society. Now when we are prosperous 
we are always willing to help and co-operate with other 
societies. To me it is an especial pleasure that on the 
21st March next thg Physical Society of London will 
celebrate its Jubilee in our building. We congratulate 
it on the excdlent work that it is doing for science and, 
incidentally, for industry. We hope that it will prosper 
in the future even more than it has done in the past. 
As electricians we remember that the first pol 3 rphase 
motor was shown in action at a meeting of this Society 
in June 1879. The crude toy then shown was the fore¬ 
runner of those large and economic machines which are 
toiling endlessly for our benefit in coal-pits and factories. 
We gladly welcome the valuable help which both 
the Physical Society of London and the American 
Physical Society are giving us in the production of the 
Physics Section of Science Abstracts^ and we are looking 
forward to greatly extending the usefulness of this 
well-known publication. We are at the beginning of 
an almost miraculous linking up of the whole world by 
the electrical reproduction of sound. The simplicity of 
this new scientific development is the aspect of it which 
seems most astounding to the older electricians. The 
United States of America are brought very close to us 
when we can listen to speeches being broadcast from 
New York. Several English amateurs have already 
succeeded in establishing occasional two-way communica¬ 
tion with several American and Canadian amateurs. 
We are on the eve of many practical applications of 
radio broadcasting in our schools. The time is rapidly 
approaching when our railways will be electrified. 
Amongst our members are many traction engineers and 
inventors. The transverter of Mr. W. E. Highfield 
should prove of great value in long-distance electric 
traction. At the present moment our railways are 
consuming unnecessarily some 6 million tons of coal per 
annum. The past year can be looked at with compla¬ 
cency by the supply industry. We have made steady 
progress. The price of electricity has been reduced. 
There has been an increase in the deniand and a 
consequent increase in the work of the associated indus¬ 
tries. I was pleased to learn last week that the National 
Association of Supervising Electricians has the names 
of only three unemployed members in its books. Luckily 
for manufacturers, existing plant is always depreciating. 
They recognize, too, that new inventions are continually 
being made, and they are always on the look-out for 
improvements. Assuming that this country is to 
maintain its place in the front rank of civilized nations, 
new inventions must always be forthcoming. It is of 


vital importance to the nation that every schoolboy 
who shows an inventive turn of mind should be encour¬ 
aged to follow his bent, even if this involve very early 
specialization. William Thomson (Lord Kelvin) when 
he was 15 gained a university medal for an essay on the 
figure of the earth. Dr. Ferranti invented the Ferranti 
alternator when he was 18. Many have been prevented 
from specializing at an early age by the necessity of 
passing many examinations. In my opinion the training 
requisite for passing examinations does not encourage 
the inventive faculty. The loss to the nation when an 
inventive genius is preventedfrom developing is a 
grievous one. We are looking forward with lively 
interest to the World Power Conference at the British 
Empire Exhibition this year. It will bring together 
engineers from every civilized country in the world. 
We sCre certain that it will work for a better under¬ 
standing between the nations. Engineering is truly 
international. The invention of the telephone by 
Alexander Graham Bell, for instance, was a boon to the 
whole world. On the 10th and 11th July ne.xt we are 
uniting with the Royal Society and with practically 
every other scientific and engineering Society in the 
kingdom in celebrating the centenary of the birth of 
Lord Kelvin, who was three times our President. To 
many of the coming generation of engineers he is merely 
a name. It is right, therefore, that they should be 
reminded of the great work wliich he did in advancing 
science and industry—pioneering work that has proved 
of such great value in so many different fields. The 
advance of engineering is never finished; it can never 
rest; it can never be perfect. This Institution gives 
us opportunities of service. We strive to carry out the 
injunction of our Founders to do our utmost to advance 
electrical science. We are proud of our Institution. 
We are glad that our work tends to ameliorate the lot 
of labour in every country. We are ever looldng out 
for ways of making Nature more and more a ^servant 
of humanity,*' 

Mr. F. Gill (Past President) then proposed the toast 
of Our Guests," to which Sir William Clark, K.C.S.I., 
C.M.G. (Comptroller, Overseas Trade Department), and 
Sir Ernest Rutherford, F.R.S. (President, British 
Association), responded. 

At the invitation of the President, Colonel R. E. B. 
Crompton, C.B. (Past President and Honorary 
Member), and Dr. S. Z. de Ferranti (Past President 
and Faraday Medallist) also spoke. 

A reutfion was then held in the Victoria Hall of the 
hotel. 
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By E. B. Moullin, M.A., Associate Memb&. 


iPaper first received 2nd July, and in final form 18fh December, 1923; read before the Wirelbss Section Uh February, 1924. 


Summary. 

The paper contains a 'mathematical analysis of the effect 
of an atmospheric mpon a wireless receiver. The choice of 
iunctions representing the atmospheric has been governed by 
information contained in Proceedings of the Royul Society, 
A, vol. 103. The effect of each of several wave-forms is 
calculated and the results are compared. The effect is 
calculated of an atmospheric acting respectively on a tuned 
antenna, on an aperiodic antenna, on a tuned loop aerial, and 
also the combination of each of these with a selective ampU- 
fier. In each case a formula is derived which gives the ratio 
of signal to atmospheric, and it is shown that for a given 
wave-length these formulae are identical. The possible 
advantage to be got from the use of an aperiodic antenna or 
of a slightly distuned periodic circuit is considered in detail. 
Finally, the rectified current produced by the atrnospheric is 
compared with that produced by the signal, and it is shown 
that the decreihent of the aerial should always be reduced to 
the point where ringing or bad shaping of signals commences. 
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aperiodic antenna combined with a selective amplifier 

(Section 10). _ 

(18) Ratio of quantity of electnaty rectified by 
signal, to quantity rectified by atmospheric (Section 12). 


1. Introduction. 


The paper on the Nature of Atmospherics which 
has been published recently by ^e Royal Society* 
contains information which makes it possible to anal^e 
mathematically the effect of an atmospheric on a wire¬ 
less receiver.t The authors of that paper used a 
cathode-ray osdllograph of the pattern made by the 
Western Electric Company; they have recorded many 
oscillograms of atmospherics and have measured both 
their amplitude and duration. The oscillograms show 
that the average duration of an atmospheric is about 
l/600th second and that' the period of growth usually 
equals, and is seldom less than half, the time of decay. 
The average value of the maximum field strength of the 
atmospherics observed was about O-IV per metre, 
which is about 6 000 times the field strength of average 


wireless signals. 

In the past it has been assumed that an atmospheric 
rises to its maximum in an indefinitely short period^ of 
time and decays at a rate such that it has sensibly died 
out in a time which is short compared with the duration 
of a Morse dot (at 25 words per minute a Morse dot 
lasts about l/20th second). 


* See R. A. WxTSOH Wait aad E. V. AreiiSTOH: Proceedings of the Royal 
tt’»t&of4 aware, no 

Vireless W^U and Radio Review, 1931, vol. 2, p. 626.) 
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The liiathematical analysis to be described in this 
paper has been made in order to discover if disturbance 
by atmospherics can be reduced appreciably by suitable 
design of ordinary receiving* circuits. The, analysis 
shows where and w^ien it is advisable to reduce the 
decrement of a circuit by the use of retroaction; it 
also shows that an atmosphericT is relatively ineffectual 
in setting up oscillations in the receiver, and so helps 
to explain why signals have been able to hold their 
own against atmospherics that are several thousand 
times as strong. The use of special devices such as 
balanced aerials or current limiters is not considered. 

2, Wi:VE-FORM OF THE ATMOSPHERIC. 

Watt and Appleton found that the commonest wave¬ 
forms were approximately those shown in Fig. 1 (ci)i 




may differ appreciably in form, it is a very poor 
approximation to represent an atmospheric by any 
simple function such as A€““^*sinp^. 

If we were investigating the rate of change of the 
electric moment of the thundercloud from which the 
disturbance priginates, no doubt that would be so, but 
for investigating the effect that the discharge has on 
a wireless receiver we shall show that the simple approxi¬ 
mation represents the problem very closely. The 
mathematical analysis shows tlfat the harmful effect 
depends mainly on the time of duration of the first 
half-wave and its initial rate*^ of increase. Various 
functions are taken to represent the atmospheric, and 
it is shown that in each case the effect produced is 
approximately the same as would have been produced 
by a simple heavily-damped sine wave of the same 
initial maximum value. 

Having established the fact that tlie simple expression 
sin pi represents the actual conditions with con¬ 
siderable accuracy, the function e =sinpi 
has been chosen to represent the standard atmospheric. 
This function is delineated in Fig. 2, and it is seen that 
the maximum of the third half-wave is only about 
4 per cent of the first wave. The damped sine curve 
has been adopted because it is the function which leads- 
to tlie simplest mai±ematical treatment; also, if an 
atmospheric was of that form it would produce rather 
greater disturbance than any of the actual forms observed 
by Watt and Appleton. 

By measurement of the period of duration of the 



(6) and (c). About one-third of the observed wave¬ 
forms closely resembled type (a), and about one-third 
type (c). The remaining third resembled type (&) or 
a modification of type {c) in which one half-wave was 
peaked and the second half-wave rounded. Two-thirds 
of those resembling (a) were accurately symmetrical, and 
90 per cent had a time of growth which was not less 
than hairthe time of decay. Type (b) were less markedly 
symmetrical than type [a). The atmospherics of t 3 ^e 
{c), which roughly resemble a heavily damped sine 
wave, are normally characterized by the half-wave of 
greater amplitude lasting about l| times as long as 
the smaller half-wave. The majority of type (c) showed 
two half-waves only, but about 8 per cent showed three, 
and 2 per cent showed eight, half-waves. The authors 
point out that since successive half-waves seldom 
. occupy the same time, and since succeeding half-waves 


longer half-wave Watt and Appleton state (ibid,) that 
the mean value of p is about 3-6 X 10^. Representing 
a steady continuous-wave signal by the function 
e = JS? sin the appropriate' value of o) corresponding 
to a wave-length of 6 000m is 3-1 X 10^ and corre¬ 
sponding to 600 m is 3 * 1 X 10®. For the band of wave¬ 
lengths included between 600 m and 6 000 m we have a 
value for w/p which lies between, say, 100 and 1 000. 

3. Functions used to Approximate to the 
Form of Atmospherics. 

As stated previously, the most frequent form of 
aperiodic atmospheric is the S3mimetrical rounded hump. 
To represent this it has been assumed that the form 
of tlie atmospheric was e = A sinpi, starting at time 
i = 0 and ending abruptly at time t = Tr/p, To repre¬ 
sent the type shown in Fig. 1 (6) it has been assumed that 
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th.e atmospheric was of the form e=A sin pt — B sin Spi, 
starting at time ^ = 0 and. ending abruptly at time 
t = irlp. It may be noted that if this function is used 
to represent type (t). then the greatest value that the 
coefladent f^can have is .4/3. If ^’exceeds AjZ then a 
negative loop is formed within the span of a half-wave 
of the fundamental, as shown in Fig. 3, which depicts 
the function « = .4. (sin pt — sin %?{). 

If we imagine that an atmospheric having the form of 
this function does nat affect tlie receiver until after 
titnft t = TT/ip, and ends abruptly at time t = Trjp, we 
have a close approxmfation to type (c). for the larger 
half-wave lasts twice as long as the second hah-wave. 

The concept of a single half sine wave of E.M.F. 



% 

acting on a receiver could be realized, for we can 
imagine that it emanates from a spark transmitter in 
which the spark gap, placed direct in the antenna 
circuit,«is arranged to quench the oscillation at the 
instant when the current falls to zero for the first time. 

4. Current produced by an Atmospheric 
Acting on an Open Antenna, 

If a receiver is actuated by an open antenna the 
E.M.F. induced in it will have the same wave-form as 
the atmospheric. If reception is by means of a coil 
aerial then the E.M.F. induced in it will not have the 
same wave-form as the atmospheric, for the E.M.F. 
depends on the rate of change of flux through the coil. 
At present, consideration is limited to the open antenna, 
and the coil is considered in Section 7 below. 

Let the antenna of capacity O have an inductance L 
placed in series with it, the value of L being such as to 
tune the antejma to a frequency which is considerably 
less than its natural frequency when unloaded. Let the 
total effective resistance of the circuit be E, and let the 
logarithmic decrement of the circuit at that frequency 
be 8» 

It is convenient to resolve the current produced by 
the atmospheric into two components, one having the 
same frequency and wave-form as the atmospheric and 
corresponding to the particular integral of the differ¬ 
ential equation, and the other corresponding to the 
complementary function of the differential equation. 


The latter component is a simple damped siie wave 
having the same frequency as that to which the antenna 
is tuned. Since the particular integral has the same 
form as the atmospheric it has a period which is much 
greater than the complementar;^ function, for (see 
Section 2) co/p has some value which lies between, say, 
100 and 1 000. For convenience we shall call the 
particular integral the low-frequency portion of the 
current, and the complementary function the high- 
frequency portion of the current. In Section 6 we shall 
see that the low-frequency portion is important only 
because it fixes the size of the high-frequency portion. 

The P.D. (applied to the amplifier or rectifier)- produced 
by the low-frequency portion is always neghgible in 
comparison with that produced by the high-frequency 
portion. 

It will be assumed tliat the appropriate circuit repre¬ 
senting the loaded antenna is as shown in Fig. 4. Conse- 



Fig. 4. 


quently, the differential equations representing the flow 
of current are :— 

[D^ 4- (BIL)D + o)^]^ = 0 for times less than zero. 

[2)2 -f {BIL)J0 + ~ between 0 

and t'. 

[ 2)2 (BIL)D H- CD^i = 0 for all times greater than t'. 

The third equation is required only when we are 
considering an atmospheric which ends abruptly at 
time t't as, for instance, a single half sine curve. If the 
atmospheric is represented by a simple heavily-damped 
sine curve then t' is infinite, and the third equation is 
not required. For an open antenna, f{t) is of the same 
form as the atmospheric. If the atmospheric is repre¬ 
sented by a function such as e = sin pt, where 

M is expressed in terms of the potential gradient of the 
electric field, then f(t) is given by e ^ sin pt, 

where h is the effective height of the receiving antenna. 
It is inconvenient to separate h and E, and this product 
will be written A, so that the E.M.F. set up in tlie 
antenna is given by e-f sin pt or e^Asinpt 

OT 6 — Asinpt -- Bsin Zpt, according to circumstances. 

First we will determine the low-frequency current pro¬ 
duced by the atmospheric of the form e = Ae^^^ sin pt, 
where b ^ pl2, . We have 

• + ? 2 ) + 0 ) 2 ^^ ~ ^^ 
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whence ^ 

(— h sin pt + p cos pt) _ 

*=—r— ^ d(BIL — 26) + (6® — — bR/L + o)'^ 

(with D 2 = - 2 ) 2 ) 

(- 6 smpt+ 2 >cosyt) because a, »> 2 > 

—"IT D{BIL - 26) + a)> 

^ (co25 - 2)^1 - 26) sm 2 )^ _ 

+ — 26^ cos 

^ ^Op€-W[cos^^« - (6/j5) sin pt] 

Hence, as might be expected, to the low frequency of 
the atmospheric the circuit behaves as if it were simply 
a capacity C. 

Similarly, ^ if the atmospheric is e = A sin pt 
- B sin Zpt, the low-frequency current is given by 


or signalling speed. Suppose, for example, that 
8 == 0-01 and that wjp = 100. Then 

K = lpfa))M ^ O-OIM, and hence M »> K 

Thus to a very clo^e approximation the high-frequency 
current may be represented by the expression: 

t = — ApG€’^'^ cos oit 

With atmospherics taking the form of undamped 
sinusoids, ending abruptly, we must consider two high- 
frequency terms, commencing at the start and at the 
abrupt end respectively of the atmospheric. For the 
initial high-frequency term we have 

i = sin cu<+ cos ait 

-y ApC cos pt — ZBpC cos 

If B is less than ^A we consider that i = 0 when 
i =0, and if JB is equal to A we shall consider that the 
atmospheric begins to act when t = 'rrl{4p). 



i = pO[A cos pt — ZB cos 3i3«) 

To approximate to the type of atmospheric shown in 
Fig. 1 (c), the value of B lies between zero and -^-4, 
and to represent the type shown in Fig. 1(&) the appro¬ 
priate value of B lies between ^A and A. For values 
of B between these limits we shall imagine that the 
atmospheric begins to act on the antenna at the instant 
when it passes tlirough the value zero after having 
passed its first maximum (see point a in Fig. 3). 

In every case the high-frequency portion of the current 
produced by the atmospheric will be of the form 

i sss K€~^ sin (jt)t -t- cos cot 

where m is the damping factor proper to the circuit 
LRO; K and M are arbitrary constants. 

The complete solution of the differential equation is 
obtained by adding together the high-frequency and 
low-frequency terms. The appropriate values of K and 
M are determined from the condition that in the 
complete solution both i and dUdt are zero when t 
is zero. 

Thus in the case of an atmospheric of the form 
e = Ae^^^ sin pt we have 

i =5 sin cot -f- cos cot 

-)- ApC€-^ [cos pt — (6/p) sin pi] (1) 

and ^ = liCe“^^(— m sin cot + co cos cot) 
at 

^ cos cot — 00 sin oot) 

+ ApC€-^ [— 6 cos pt ^ p sin pt 
+ (6^/p) sin pi — 6 cos pi] 

di 

Now, when i = 0, both i and are zero. 

dt 


Therefore 

Therefore 


Jkf = — ApG and a>K — mM — 2.4pC6 = 0 
iC « Jf/a)(m - 26) _ 

^ (p/co)Jlf 1 -I- ^ X since 6 = pl% 


where 8 is the decrement of the.I/JSC circuit. 

It will be seen later that it is important to reduce 8 
to the lowest possible value consistent witli stability 


Hence Jf = — pG[A — ZB) (if i = 0 when i = 0) 
or ilf == — pGA X 2^/2 [if ^ = 0 when i =: 7r/(4p)] 

It can be shown that in either case M »> K. 

The high-frequency currents set up by the various 
forms of atmospheric are readily compared by means 
of Table 1. 


Table 1. 


Form of atmospheric 

High-frequency current set up 

e == sinp^ 

i = — ApO€~^ COS cot 

6 =^A sin pi 

^ — ApOe-*”^ COS cot 

e»= A sin pt — (A/3) sin Zpt 

i = 0 

e = A sin pi — A sin 3pi 

^ == — 2v'2Ap(!7e“’»‘^cosa)i 


It is interesting to note that should the atmospheric 
A 

be of the form A sin pi - — sin 3pi, no high-frequency 

current is set up, and consequently such an atmospheric 
would be sensibly innocuous. 

Now on reference to the above table it will be seen 
that in each case the high-frequency current is propor¬ 
tional to the initial rate of increase of the atmospheric 
E.M.F. An’ atmospheric having initial and final slopes 
equal to cero will not create any sensible disturbance 
in a lightly damped LEG circuit. 

Table 1 must not be used to estimate which form 
of atmospheric will create the greatest disturbance; 
such a comparison must be made between atmospherics 
which actually attain the same maximum value. 

Table 2 has been arranged to facilitate this comparison. 

Hence, so far as the initial high-frequency current is 
concerned, that produced by the damped sinusoid has 
the greatest value, because such an atmospheric has 
the same initial slope as an undamped sine curve of 
about twice the amplitude. 

If the atmospheric is represented by an undamped 
sinusoidal function ending abruptly at time t * ttJp, 
we have another current set up at the abrupt ending. 
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Hence, if i > 0 < trip 

= ApCl— cos cat + cos pt— (ZB!A) cos 3p«] 
and for values of f , greater than trip 

^ cos <jt}t -f j 8€ sin (at 

a and j8 are determined by making the values of and 
dixidt obtaining at time t == 7r/p agree with the values of 
^2 and di^dt when ^ = 0. 

If we assume that ISie value of 8 is such that a>8/p = 1, 
and if cos {(a'jrjp) = — 1» then it is easy to show that 

^2 = — 1 • 6ApC€^'”^^ cos {o)t + A) 

If cos {oyrrjp) has any value other than 1 the resulting 
current will be smaller than the value given above. 

Hence, in comparison with a damped sinusoid which 
gives a current — ^DpG€ cos cjtt a single half sine curve 


It follows from formula (1) that 

= T.Ap nSe-jytf —^cospt — p sin j){ 
dt L \ 2 

4- Jp sinpi — Jp cos^e) 

— ( — a> sin coi — cos <at)^ 

== — 1 • 12-1^ €-Wsm {pt + X)+A- sin (at (2) 

' (a^ (a 

when 6 = ^ and a)!» p* 

It is interesting to notice that neith^ L nor G appears 

explicitly in either the low-frequency or the high- 
frequency component of this expression. Hence for 
antennse of the same effective height and decrement 


Table 2. 


Form of atmospheric 

Maximum amplitude 
attained 

High-frequency current set up by atmospherics each of which rises 
to the same maximum, JD 

e = Ac’^i^ sin pt 

iA 

i = — ^JDpG€--^^ COS cot 

e =: A sin^j^ 

A 

t — ^DpG€-^^^ COS cot 

e =: .4 sin pt — (-4/3) sin ^t 

H 

i 0 

e ^Asinpt — A sin Zpt 

2A 

i _ -^DpCe-'x't cos wt 


gives a current — JX)pC€*”’^* cos which, if 8 — 0*01, I 
will persist • until its amplitude has fallen by about 
40 per cent, and is then followed by another current 
which may have a value equal to ^2 ~ 0 * ^DpG€. Cos cat 
in the worst possible case. Hence it appears thatTfor 
a given maximum value either form of atmospheric 
just considered will have approximately the same effect, 
and it seems possible that the simple heavily-damped 
sine curve may represent the worst case. 

Hence it seems reasonable to adopt the form 
e = A€^^ sin pt (where b = as the standard atmo¬ 
spheric for purposes of investigation. This function 
leads to the simplest analysis, since only one train of 
oscillations has to be considered. 

6. The Effect of the Atmospheric on Apparatus 
OR Circuits Coupled to the Antenna. 

In the following section it is presumed that a triode 
valve is coupled directly across the aerial tuning induct¬ 
ance ; and this valve is presumed to be either a rectifier, 
or the first valye of a chain of selective ampMers 
actuating a rectifier. It is supposed that it is possible, 
by means of retroaction, to reduce the decrement of 
tlie antenna to any required de^ee, and if necessary 
that of all of the selective amplifiers also. 

The P.D. impressed upon the first valve is the P.D. 
developed across the ends of the aerial tuning inductance 
by the passage through it of the current set up by the 
atmospheric. Thus if the current in the aerial be i at 
any instant, then at any instant tlie P.D. applied to 
di 

the first valve is . 


and tuned to the same wave-length the P.D. produced 
by the atmospheric is independent of the capacity of 
the antenna and depends only on the ratio of the signal 
frequency to the atmospheric frequency. 

The ratio of the high-frequency component to the 
low-frequency component is given by 


High-frequency P.D. _ (< 0 /^) 6 -”^ sin 

Low-frequency P.!! 1-2 6-*»‘ sin (p« -h A) 

rhe minimum value of this ratio is approximately equal 

to (ca/p) sin of; when - »1 and 8«1. 

Hence the low-frequency P.D. is vastly smaller than 
the high-frequency P.D. and is negligible in compar^on. 
If the combined P.D. is applied to a selective amphfier 
the high-frequency component will be amphned and me 
low-frequency component will be diminished, so that 
each successive stage of high-frequency amphficabon 
makes the low-frequency component of less and less 

At this stage it may be of interest to consider prob^le 
numerical values for these two component^ We sh^l 
suppose that an antenna, which is tuned to a wav^leng^ 
of 6 000 m, has an effective height of 30 m. The field 
strength of the atmospheric is 0-1 volt 
its maximum, so that the maximum E.M.F. in the 
antenna is 3 V, and the appropriate value of A m 
formula (2) will be, about 6 V. Since p/m m . about 
1/100 the initial amplitude of the high-frequency 
component wUl be about 60 mV ^d the “^xii^m 
of the low-frequency component will be about 0 8 mv. 
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The important point to consider, however, is not the 
absolute value of the P.D. set up by the atmospheric, 
but the ratio between the atmospheric and the signal. 
The P D produced by a sustained continuous-wave 
signal e = JSsinco^ to" which the antenna is tuned is 
given by the expression ^ 

V = Bk cos 0)t 
o 

So that the ratio of signal to atmospheric is given by 


Signal P.D. _ JEir coawt 
Atmospheric piD. 8(p/tt))A€«»‘sina)« 


( 3 ) 


Consequently the ratio of signal P.D. to initial maximum 
P.D. of atmospheric is equal to 

fixed conditions of signal strength and wave-length this 
ratio increases in direct proportion as the aenal decre¬ 
ment is reduced; hence to minimize the disturb^c^ 
by atmospherics the aerial decrement should M 
reduced to the lowest value compatible with sta,bihty 
and speed of signalling. The physic^ explanation is 
that whereas the signal P.D. increases in inverse propor¬ 
tion to the aerial decrement, the initial maximum of Ihe 
atmospheric P.D. is sensibly independent of the aenal 
decrement, see formula (2). It will be seen in Sectum 8 
that it is not equally effective to apply the retroa(^on 

in the amplifier circuit: in fact it is deleterious to reduce 

the decrement of the amplifier below that of the aenal. 
So it seems important to apply the retroaction in the 

first oscillatory circuit. , ^ 

It is interesting to investigate the relative value of 
the field strength of the signal and atmospheric which 
will give the same maximum P.D. across the aenm 
tuning inductance. Suppose that for various reasons 6 
is limited to about 0- 003, then if Bhro) is to be equal to 
ABp, B will be approximately equal to (oiA/lOOp). If 
the signal wave-length is 6 000 m, then pIco is about 
0 *01, and consequently for equality of maximum 
P.D. we have A = lO^JB'. Now, as pointed out in 
Table 2, the maximum value of the field strength of 
the atmospheric is about ^A, and (as stated in Section 1) 
Watt and Appleton find that the average v^ue of JA 
is about 0 • 1 volt per metre. Hence by sufficient reduc¬ 
tion of the antenna decrement it would appear that 
B may be reduced to a few microvolts per metre and 
yet be sufficiently strong to hold its own against the 
atmospherics ordinarily to be expected in this country. 
That comparatively strong atmospherics are relatively 
' very ineffectual in causing a disturbance is, after all, 
a matter of common experience ratlier than of su^nse, 
for had it b^en otherwise it is improbable that wireless 
telegraphy would ever have emerged from its experi¬ 
mental stages, and continuous long-distance services 
would have been impossible. 


6. Current produced by an Atmospheric in 
AN Aperiodic Antenna. 

At the present time it is fairly common to use aperiodic 
anteimse for reception. The term '' aperiodic antenna 


is used to describe an aerial circuit wliich contains no 
added inductance and the resistance of which is at least 
of such a value as to render a discharge non-oscillato^. 
With such a circuit the necessary resistance is usually 
added at the base of ^the antenna, and its en^s are con¬ 
nected to the terminals of a selective amplifier. All 
necessary tuning is then performed in the circuits of 
the amplifiers. Such a circuit is shown in Fig. 6. Tins 
system of reception has been proposed* and used 
experimentally to make multiplex reception possible on 
a single antenna and has also been employed in the hope 
of minimizing atmospheric disturbances. ^ 

The effect of the standard atmospheric acting on the 
circuit of Fig. 5 will now be considered. It is dear 
that if the value of R is indefinitely great, the P.D. 
apphed between the terminals of the amplifier will be 
sensible equal to the E.M.F. of both signal and atmo¬ 
spheric. However, since the frequency of the signal is 
likely to be at least a hundred times as great as the 
frequency of the atmospheric, it is possible to arrange 
the value of E so that while the P.D; developed across 




-a/v/WsAAAA'^- ' 



^ Fig, 6. 

it by the signal is sensibly equal to the signal E.BI.F., 
the P.D. developed by the atmospheric is only a small 
portion of the atmospheric E.M.F. In this way some 
degree of discrimination between signals and atmospherics 
can be obtained. In short, for an atmospheric the 
antenna acts like a simple capacity, and to tlie signal 
like a simple resistance. 

The differential equation expressing the current 
produced by the atmospheric e — Ae-^^ sinpt (where 
6 is approximately equal to \p) is 

= ^e-W(_ 6 Sinp*-H P cospt) 

The approximate solution of this equation for the 
case where l/(iJO) is much greater than p is given by 

i = — _ 6-W[cos pt — (6/p) sinpf]}' 

Writing BO = xfo) (where » is, say, not less than 
about 3), the P.D. developed across B is given by 

^ - e-« [cos pt - {bip) sinp^ j- (6) 

* See L. B. Turner, British Specification No. 189 603. 
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The P.D. across B produced by the signal e = Esiao)t, 
is given by the expression 

Now, so long as a: is greater than, say, 3, the signal 
P.ID. is nearly independent of a?, but the atmospheric 
P.D. increases greatly with x. If x has the value 3, 
and if o> = lOOp, then about l/30th part of the atmo¬ 
spheric E.M.F. is applied to the amplifier. 

But naing the expression given in formula (6) it can 
be shown that the initial rate of increase is independent 
of the value of BO, and, as has been already pointed out 
(see Section 4), tlie amplitude of the high-frequency 
current set up in the first oscillatory circuit depends 
on this initial rate of increase. Hence so long as the 
value of B is small enough to make the antenna behave 
to the atmospheric in sensibly the same manner as fr 
it was a simple capacity, then the exact value of B is 
unimportant. This subject will be dealt with more 
fully in Section 10. 

It is of interest to calculate a suitable value for B 
in a specific numerical case. Suppose, for example, 
that the capacity of the antenna is 1 000 fi/iF , and that 
the wave-length of the signals to be received is 6 000 m. 
If we choose B so that l/(BO) is equal to Jtu, tlien its 
value will.be about 10 000 olims; probably any value 
of B between, say, 6 000 and 60 000 ohms would be 
equally suitable. In practice it is common to use 
values of B which are very much greater than tiiose 
just calculated, but for minimizing atmospheric disturb¬ 
ances this practice does not seem to be a good one. 

* 

7 . Current produced by an Atmospheric • 

ACTING ON A TUNED LOOP AERIAL. 

It is commonly believed that where atmospheric 
disturbance is considerable it is advantageous to receive 
on a loop rather than on an open antenna. No doubt 
the advantage can be partly explained by the directional 
properties of a loop, but analysis shows that quite 
apart from this a loop has an advantage over an 

antenna. . . . , 

In calculating the E.M.F. set up in a loop it is simpler 
to consider the rate of change of magnetic flux through 
the loop rather than the line integral round it of tlie 
electric field. If at any specified point the electric 
field set up by the atmospheric is represented by 
e = sin pt, then the magnetic field can be repre¬ 
sented by ^ sin If the electric field is 

measured in volts per cm and the magnetic field in 
C.G.S, units, th*en E and H are connected by the 
relation E •= 300H. 

Let the loop, the dimensions of which are very small 
compared with the wave-length of the atmospheric, 
have N turns each of area A, then at any" instant the 
magnetic flux through the loop is given by the expression 
^^ANh. , . 

Hence the E.M.F. round the loop is given by the 
equation . ’ 

e= -^=-NA^= -ANHe-^(-b siapt+p cos pi) (6) 


Let the loop have inductance L and resistance i2, 
and let it be joined in series with a condenser of capacity 
C. It is supposed that the value of G has been adjusted 
so that the circuit is in resonance with a signal E.M.F.. 
e = jE? sin ait. 

The differential ecjuation expressing the current set 
up in the loop is 

( d 2 + 2^ + (o^)i 

_ _ — p^) siapt — Sibp cospty 

For tlie case where 6 and p are b»th much smaller* 
than o) the approximate solution is given by 

i = - — p^) ^pt- %p cos pty 

Thus, as in the case of the antenna, to -toe low frequency 
of the atmospheric the loop behaves as a simple 
capacity 0. 

The complete solution of the equation will conse- 
quently be of the form 

i s jgg—wt sin oit -f- cos oit 

— ANHOe -(62 — p^)sinpt — 2bp cos 

where the constants B and D are determined by the 
condition that both i and di/dt are zero when * is zero. 

Appl 3 dng these conditions it is readily shown that 
D =. - 2bpCANH, and that B = {pl(a)(DI4). 

The approximate solution of the high-frequency porton 
of the current set up in the loop is accordingly given 
by the expression 

» = — 2bpOANHe-”^ cos wt . • • (7) 

and the P.D. across the terminals of the loop is given by 


B— = - 2bpGLANH€-”^(- w cos - w sin at) 

==2&-ANH€-”^ sin to« . (8) 

a 

If the magnetic field of a signal is A' = H' sin at. 
the P.D. between the terminals of the loop is given by 


if = ANH'"^ sin at 
dt 8 


Consequently the ratio of signal to atmospheric is given by 


Signal _ H'tra^ 
AtmosphMic H286p 
_.HW 

~ H8p^ 


(since h = Jp) . (9) 


It is instructive to compare this expression with th 
corresponding one for a tuned antenna [see Section 4, 
formula (3)] which is 

Signal __ Etto) 

Atmospheric ABp 

It is seen that botli expressions va^r inversdy m ^e 
decrement of the circuit (loop or antenna), but m the 
case of the loop the ratio depends on aW instead of 
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(i>Ip for tlfe antenna, and it is e-wdently from this factor 
that the loop gains its superiority. 

8 . Efect of an Atmospheric on a Selective 
Amplifier coupled to the Aerial. 

The term " selective amplifier ’^is used to denote an 
amplifier in which the anode circuit presents an appreci¬ 
able impedance to currents of one frequency only. One 
example of such an amplifier may be obtained by placing 
a lightly-damped tuned stopper circuit between plate 
and filament. Such an amplifier, connected to the 
antenna, is shown in Fig. 6. The P.D. developed across 



the terminals of the anode-circuit impedance is supposed 
to be handed on in the usual manner to the next triode, 
which may be another amplifier or a rectifier. 

‘j'jjg P.D. applied to the input terminals of the first 
valve consists of a high-frequency and low-frequency 
component [see Section 6, formula (2)]. This P.D. will 
produce a current in the anode-circuit inductance L 
which will consist of three components, one low- 


slope conductance. For ordinary receiving triodes 
will be between, say, 30 000 and 40 000 ohms. 

It is obvious that to the low-frequency component 
of the applied P.D. the circuit of Fig. 7 will behave in 
sensibly the same rilanner as a simple resistance r ; 
that such is actually the case can readily be shown. 
Hence the low-frequency component of ^e applied P.D. 
will produce a current in L which is given by 

^ _ ii^£_€-W(|sinf)< "V cospO • • (f®) 

rft>2 

and the P.D. developed across L by this current 
given by 

X*' y sinpi ■+- J cospf) 

dt r(xr 

= sin pt .(11) 

Now if p/o) == 1/100, jLt = 10 and L = 4 X lO^^i?. 

di , A . . 

Th^n I/— == —sm pt 

Hence of the E.M.F, in the aerial about one-millionth 
part will be apphed to the second valve. In the numer¬ 
ical case considered in Section 6 this would be about 

0*8 uV. ^ ^ , 

It is now necessary to consider the current produced 

in L by the high-frequency P.D., e « sin 

applied at the terminals of the equivalent circuit. 

It is readily shown that the appropriate differential 
equation expressing this current is given by 

-h (I + ^)i> + sin CO* 

whence it follows that^ 


-VWNAAAAAAAAAA- 




Fig. 7. 


frequency and two high-frequency. The two liigh- 
, frequency components will have the same frequency, 
since the amplifier is supposed to be tuned to the same 
frequency as the aerial; -one component will have the 
decrement of the aerial and the other the decrement 
of the LEG circuit of the amplifier together with the 
conductance of the valve. 

The circuit of the amplifier can be replaced by the 
equivalent circuit shown in Fig. 7. The input voltage 
to the equivalent circuit must be represented by p, 
times the input voltage to the amplifier, where p. is the 
ampUfication factor of the valve. The resistance r 
represents the apparent resistance of the valve and 
is numerically equal to 1/a, where a is the anode 




sin cot 


(2m' - 2m -1- ^)d -f- m(m - 2m' - 


whbre m' is the damping exponent of the LJRO circuit 
in the anode circuit of the valve.* 

Now to a steady continuous-wave signal the impedance 
of the stopper circuit is and the amplification 

of such a. signal is ^ 

that the valve shall amplify satisfactoijly it is probable 
that <a^I^I[Br) will lie between, say, 1 and 6. To 
simplify the analysis we must take some value for 
We shall suppose first of aU that it is 6, 
so that the valve will be giving an amplification of 


0'83)i. 

Then 


SB 

~r~ L 



* m' does not indude the damping ** 

alve, but is the damping eacponent of the LmO circuxt by itself. 
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Ilcncc it follows tliat 

g—mt jiiji f,)i 


i -- K 




wlit ri* m' = .em 


■-K 


i »n(l 

j[2.p — 2)/> ~ »'(1 - 

" '«“tl - 


^ 2rwi(^U; - i) 

tit . siti wt 

•'• ^'dt • ' 'Zmr{iU- ■- 1) 

ri.rpApt i^in oit 
((i.r 


]:».r 


1} 




NUll* 


<r>/^ 

r 


inm' 

m 


(13) 


Hcuujo it in iUut tlu? iUUj»lilM*r tin* I .H* 

Tuyt 

npptietl it in tlii‘ rutu^ 

ShnuUI 3J liavo Uio vuliio l/» Hii*. Ia> f**r u|.i.-Mr.s U> »«• 
iiilinite: l>ut this >»"' ^"* l“•'■an'.^• in ll>‘’ iinalvMs »« 
lias Im'WI m*KU‘<*l('«l in ^,•.)lll|iillis..ll wifli oi. aii'l :il;,<» tin- 
applied IM>. lni>* >»•’**•* nssimifd I" l»‘ ♦' <«/, whfu 

uclUiiUy it is f ‘='n V'W" , , ,, 

Thn t:<»mljlUtn when x *spiaL l/ii t inrni.ptnitH tu thn 
case when the tieereiiieitl •»! the aeiial is Ihe saute as 
the dec-remeiil of the stopper virniit lo«fllier with the 
valve resistance in leiralhd. H this i ase is worked out 
without approxitnalituts, the complete expiession U»v the 

cumuit is ^ 

nin tn/} 

2r ^ 

The 1M1. across the stopper ein nit is Iheiefoie f*iveii by 

: sin «»t;■«. sin mf 

2r 


di 

fit 


oHcillatiiHi of the stopper circuit. It is rcatiily shown 
that the appriiximate expression for this is given t)y 


This expression rt:pr<?senlH a siiie t urvi^ the inaxiniti of 
which graiUially grow to a maxiinnm and then grailually 
die away to jtero. The greatest niaxititiim oieurs^ at 
time t ^ IM approximately* and this maxininm in 
approximately equal to d *4 (pApf m) od. 

It is intentstiiig to cfiusider the values of the amphliea* 
tions that obtain for various values ni 

If 3? is much greater than nnit y* I approat hen 

^ . rwf . 

If 3? is cgualto unity, '***^^^'* 

If »is equal to 1/6 the amplification may In: considereci 
to be 0 * 4 . 

If CO is equal to i/lb, .; i'^ ecpml to 


If X is equal to 1/20, 


fk - I 
5^ 


is equal to 0*2# 




jvt 


A 


g—6»ee 


• 2mr(0.i; **- 1} « 

and the complete expression for tin? P.T>. applied to Urn 
next valve is 


But in addition to the component of current already 
considered there is the coinpoueut due to the free 


L 


tU 


lit * 


itc i 


Ap 

it) 


Jiin cot 


It can 1 m! seen from this expression tliat if wi' is much 
U-ss thiiii m, tlieti this free osinllatioii much tlie most 
persistent uud cunsetpiently Iho most iniportaut in 
causing disturhaiices. Hence, altliounh {{reat reduction 
of the ileereiueiit may reduce the aiuiilitude some 
itll per cent, it is at tlie expense of increased persistence. 

The crilical adjieitment whuli makes the re.sullant 
aiuplilier ilecremeiit equal to that of the aerial is no 
doubt to some e.stent. adviuitaneoiis, but it is dillicult 
ill praclice to attain. The safest plan appears to be to 
keep the stopper circuit decreiiunit much greatiu- than 
that of the aerial. It woulil apjHxir that the best 
pioc.sliire ill practice is to rednci* the stopper circuit 
decremeiil until further nsbictiou increases the siKuai 
vi'i'v little : when this has b<s*n done the aerial ilecrenieiit 
should be rerlwetl to the limit imposed liy stability or 
speed of siKnalliiiK. JTobal.ly tlie most satisfactory 
metliod is to biiiUl the stopper circuit so that its inherent 
decreiiietit is low mimiKh to Kcl tlie recpiired ilef-rees ot ' 
amplilication without resorliiiB to retroaction, ami to 
jipjily retroaction in the airrial circuit and tliere only. 

0. Kn'i-ci Si.nurn.v Distonino tiik Ahuim.. 
ft is often c;oiisidereil t.luit aimiwpherie ilisturbances 
are somewhat rcflm-ed if the aerial is sliKhtly di-stunetl 
frt >m the sinual. Since the freipieiicy of the atmo.sphcnc 
and the signal are. widely .sei>aratwl, a slight altcTation 
of the aerial tuning cannot sensibly alter the magnitude 
of the high-freipiency current set up by the atmospheric; 
but It will make the fieiiuency of this current. apl*t«- 
ciubly dilftweiit from that of the signal to winch the. 

stopper drciiit is tuned. , , , , ,4 1.,. 

{Imsisiuently the amplifier, which is supiwse<l to he 
highly selective, will not function as efticienlly at the 
frctineitcy of the current set up by the atmospheric as it 
does at the signal frequency. IHstuiihig the aerial, 
however, has not only the desired ellect of throwing the 
atmnspherie mit of tune with the amplilier hut it has also 
the imdcsired effectof weakening the signal. In order to , 
benefit by the method it is evidently necessary to <dio(toe 
the ilecremcnls of the drc.iut.s in such a way that the 
advantage gained by reducing the almosplierie is not 
more than counterlKilanced by the weakened signsil . 
in fact the system is admi,ssihlc only when the suinal 
It i"i*lal.ivt?lV lilgli clucivmiuit.# 

' The P.l). prtxlnced by the atmospheric between the 
terminals of the aerial tuning intlnctance is given (see 
Section S) by 

A sin to't 

fU <a 
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To compare the signal with the atmospheric it is best 
to give numerical values to the decrements 8 and 8^. 

The values of the expressions (14) and (16) have been 
worked out for various amounts of distuning up to 
6 per cent in the two cases where 8 = 0*1 an<^ 8^ = 0*01 
and when 8 = 0*01 and 8' = 0*01 respectively. The 
results are collected in Tables 3 and 4. 

Figs, 8 and 9 exhibit two curves plotted from the 
results of these tables and show the relation between 
the ratio of signal to atmospheric for various amounts' 
of distuning. 

It is clear that the distuning system is a very distinct 
advantage in the case when the aerial decrement is 
somewhat high, but is very disadvantageous when the 
aerial decrement is reduced by retroaction to a low 
value. It can be seen that the distuning method cannot 

Table 3. 


8 =* 0 * 1 , 8 '= 0 * 01 . 


Amount of distuning 

0*00 

0-01 

0*02 

0*03 

0*04 

0*06 

Amplified signal 

Amplified atmospheric 

Signal atmospheric .. 

26/Lff 

I-S/aE 

E 

20— 

22ju^ 

0-67/tE: 

E 

19-6/iS 

0-5lnK 

E 

ll-5fjiE 

0 • 43jLt.ff 

B 

16-3/tB 

o-as/xic 

E ■ 

15-4/xB 

0-37/tZ 

E 


where cu'ig 27r times the frequency of the slightly distuned 
aerial. The initial amplitude of this P.D. is sensibly inde^ 
pendent of the extent of distuning and of aerial decre¬ 
ment. We may then consider that the atmospheric P.D. 
applied to the amplifiej; is independent of circuit condi¬ 
tions, while the signal P.D. depends greatly on decre¬ 
ment and the amount of distunimg. 

The P.D. produced by the signal e = sin is 
given by 

di __ B sin oyt 

where 8o} is the amount by which the aerial is distuned. 

We shall consider an amplifier the circuits of which are 
arranged to give an output P.D. times as great as 


the input P.D.; then the output voltage due to the 
signal will be given by 


HJ sin cot 




(14) 


Considering now the output voltage due to the 
atmospheric, we have, as previously. 


Il>^ + (y + X sin co't 

Y HO/ J rCL w 

whence 

. lOfiAm*' p sin co't _ 

L ’ ai‘D2+D(12m'—2m)-[-cu2+m2—12ww' 

10^cu8' p _ sin co't _ 

' ^ « 1 (68'- 8)D 

\ CO/ 2770 ) 

lOfiA 8' p sin (co't + X) 


di lOfjiAS' p sin (co't + A) 

_ n. nrr €-«■< sin (co't + A) 


(16) 


give as good results as if the two circuits are kept dead 
in tune and the aerial decrement reduced to the lowest 
possible limit. 

It ip.ust not be overlooked that the free oscillation has 
not, been considered in the results of Tables 3 and 4. 



Fig. 8.—Effect of distuning aerial. 


Aerial decrement »0‘1. 
Amplifier decrement ^ o>01. 


This free oscillation is in tune witii the next amplifier 
of the chain, and consequently it is important that its 
amphtude should be kept small and its decrement high. 
Indefinite reduction of the amplifier decrement will 
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mcrdv serve tolncrease the innu.rtanee ..f this term anti j whence it follows that 
thereby make the not aavanta«e ..1 .hslu«in« cnsuler- « 

' • ■ r <«Ll i“ I/'- \ P '-i 


tiy 


o 
i= 


.2 

■<« 

p=J 


^lU? 

O 

Q 


1 

1 Ac 

\_All 

—1 
rial det 
iipUfier 

• 

xreiutait 

«« 

» o-tn 

» O-Ol 





i 

1 

1 


d . i _: 

1™' 


>vht*u t is i'tjuul to U 

' </t fiAj ^ r _ 

ill r 

'riii* roiuph'U- solution is Kiveu by 
‘ / m. I U}t 


.] 


FuJ. U.—abttmiiif* at nuU 

*!♦ » i»'m» Ml ' * M'Hl 


tlMIV .- • * 

on foniuilu! (1*1) iuul {b>). 

10. liATIii OK HrONAI, TU AiMOSHU lUr WITU AlU.IUUlOi 

ANTKNNA ANt» .SKIJXIIVK \MI’I U II.U. 
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Wc iu’(3 now in a position to t f»rit4*li*r how thr* < Minbiiiti- 
tion of un u|mrlrMlic. amal ami sHt‘rtivr? ainphlM^r lotii^ 
pares with the coittlnnaiion tuned aerial ami .Helerlkvt* 
amplifier. If the Htgnal hLM.h". in tJm 4peii<i»lir. aerial 
is ti - then the IMb m'um iiw ivsistam tMii^ 

serteil in the aerial is also .Hiui^itily ef|ual bt e ~ A* sin ni/. 
and heime the output voltage lifuii the aitiphher will 
be sensibly mpud in v 

The input IM), due to thit atniitsplmih b given [see 
Seelion 0^ formula (^) j by 

h 


If now ;e 


ti, N«ty 

n 


flJi 

r 


P 

w 


Heime if .»* l» the resulting high lVec|imm.y eiirnmi is 
t X - « + A) 


w 


ami if %i* > ^ 


V 4 — pi - j* 

Hence the ditfereutial equatitm repreHeiiting 
current through the stopfmr dreuii induclance is 


P 




the 




« + 

rC 


A)i> + «»«}« 

pt " Ilia pi) j- 


. f 

" * f M 

Hem^e the viiluo of l/(f?/f) mak'vory Utile difforcnco 
lo ihe raiiguitwle of the IiIkIi fnHit«:ncy disturbance set 
un. It was pointed out in Section (I that, it the atmo¬ 
spheric wa-H truly of t he form aHsumwl. then the initial 
rale of rise of atmospheric P.D. applied to the amplifier 
is independent of 1/(KC') and equals ^p. ^ 

is merely another example of the fact that if a low- 
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frequency P.D. is applied to a high-frequency circuit 
of low decrement, the resulting disturbance depends 
not on the amplitude of the low-frequency P.D. but on 
its initial rate of increase. 

The output P.D. frcm the amplifier is given by 


net gain does not result. If K is the capacity and r 
the resistance of the antenna, and C the capacity of the 
series condenser, it may be shown that an atmospheric 
e = ^ sin pt will produce a potential difference V 
across the condense!- C which is given by^ 



d^ ,uApL J...O 
dt r 

and if 

L__. BB 6 8' 

r ~ oi^L it' <o 

then 

^di . BuAph' 

cos Oit 

dt • TTO) 

and the ratio 

Signal Bno} 

Atmospheric ^ A ^8' 


The corresponding ratio for a tuned aerial is [see 
Section 5, formula (3)] 

Signal Ecm 
AtmosphericApS 




where y 


pAr 


H- y2) 
KG * 


^ — cos ^ sill "h ^ 


It can be shown that V will produce a high-frequency 
P.D. across the stopper circuit inductance L wliich is 
given by 


F' 


— . cos oit li « o) 

o) Gr r 


where g is the anode-grid conductance of the valve and 
m is ihe damping exponent of the stopper circuit 
together with the valve. The signal potential difference 
F^ is given by 


Expressions (3) and (16) are seen to be very similar 
in form, and it is possible to make them numerically 


ys^- 


B cos wt 
ra)G 


X 


y + r 



equal. Since S' represents the decrement of the stopper 
circuit alone without the decrement produced by the 
valve inductance, 8' can be very much smaller than 8. 
With the amphfier adjustment considered when 8 = 68' 
the tuned aerial circuit and the whole amplifier circuit 
would have the same decrement, and in that case also 
M so that the tuned aerial and aperiodic aerial 
would be identical. 

Hence if an aperiodic antenna is required for multiplex 
reception it may be used without fear of increasing the 
atmospheric disturbance. 

Instead of using an aperiodic anlenna in the way just 
described, we may place a condenser in series with it and 
apply the P.D. across this condenser to a selective 
amplifier (see Fig. 10). This method appears to be 
advantageous because the initial rate of change of the 
P.D. applied to the amplifier is zero for all forms of 
atmospheric; but since the signal P.D, applied to the 
amplifier is now only a small fraction of the signal E.M.F, 
the signal is reduced as much as the atmospheric and a 


where - ^ is the amplification factor of the valve. 
It follows that the ratio 


Signal _ Bam y 
Atmospheric ” Aph ^ ^-f- 1 ' * 

where 8 is the decrement of the stopper circuit by itself. 
If, as in Sections 10 and 8, we give y the value 6, formula 
(17) }?ecomes identical with formula (16). If yjr == ct) 
it paay be shown that the ratio is still given by formula 
(17). Hence it appears that a tuned aerial or the 
combination of any form of aperiodic antenna with a 
selective amplifier can always be made to give an identical 
ratio of signal to atmospheric by simply adjusting the 
decrement of the first oscillatory circuit of the chain. 
It is possible that witli a given selective amplifier the 
ratio of signal to atmospheric can be improved by 
replacing the tuned aerial by an aperiodic one, but it 
cannot be improved beyond the point wliich could have 
been attained if the decrement of the tuned antenna 
had been reduced to the lowest possible limit. 


11 . Practical Limitations of Decrement. 

In the previous portion of this paper it was 
tacitly assumed that signals and atmospherics did not 
occur simultaneously, and that a signal lasted long 
enough to allow the current in the oscillatory circuit 
to biiild up to its final value; but if thes« conditions 
obtained in practice, stability would be the only limita¬ 
tion imposed on the decrement of circuits. For signals 
which last for a timeTonly, itmay be shown that formula 
(3) becomes 

Signal _ Bam(l — _ ^(1 — 

Atmospheric ApS “ ^ "8 

For a given wave-length and speed of signalling n and 
T are fixed. • Let their product be denoted by K, For a 
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given value of K, Table 5 illustrates how the ratio 
depends on nhT, 

Table 5. 


ii8T 

Ratio : 

Atmospheric 

2 

o-43e:.2; 

1 

O^GSKZ 

1/2 

O'SKZ 

0 

1 • QKZ 


Table 5 shows that there is little to be gained by 
reducing 8 below the point at which nhT = but 
it is probable that considerations of shaping make it 
impossible to reduce nhT much below 2.* But even 
with low-speed signalling we cannot reduce the decrement 
indefinitely without blurring the signals and maldng 
them unreadable. Some experiments have been made 
by Mr. F, P. Best at the Engineering Laboratory, 
Cambridge, who finds that nS cannot be reduced much 
below 100 without causing troublesome ringing. If we 
make nS equal to 100, fox'mula (3) becomes 

Signal Boj^ ,B ^ oj 

1 —“7 X and A=6 000???, 

Atmospheric ^px200 A p 

.B ^ (JO 

oi’ — 000andA=600w 

A p 

This ratio should be compared with that given at the 
end of Section 5. 

12. Effect of the Atmospheric on the Rectifier and 
THE Low-Frequency Amplifiers. 

Having traced the course of the atmospheric through 
the successive stages of the aerial'and the high-frequency 
amplifiers, we must now consider its effect on the rectifier 
and low-frequency amplifiers. 

The P.D. applied to the rectifier consists of a small 
low-frequency component and a relatively large high- 
frequency component. It follows from formula (11) 
that the low-frcquency output P.D. from the fix^t 

amplifier is about and from the second 

7T 

amplifier is approximately i/, p/o) is of 

the order of 1/100, this P.D. will be about one hundred- 
millionth of the ^ atmospheric E.M.F., or less than 
a microvolt in value. But the high-frequency P.D. 
applied to tli^ rectifier will be (with two high-frequency 

amplifiers) of the atmospheric E.M.F., and will be 

of the order of a volt or two. Hence, although the 
rectifier, together with its low-frequency transformer, 
forms an amplifier suitable for the low-frequency portion 
of the atmospheric, the P.D. handed on to the first 
low-frequency transformer by this means will be negligible 
in comparison with that due to the rectified current 

i Relation between Damping and Speed 

m Wireless Reception,” Journal I.E.E,, 1924, vol. 62 p. 192 ^ ^ 

VoL. 62. 


produced by the high-frequency portion. The low- 
frequency component may now be finally dismissed from 
consideration. 

Although we can increase the ratio of the signal P.D. 
to the initial P.D. of the atmospneric by decreasing the 
decrement of the circuit, we thereby increase the persist¬ 
ence of the atmospheric. Before finally recommending 
low decrements we must estimate the quantity of 
electricity that the atmospheric will cause to flow through 
the rectifier. A powerful heterodyne generator makes the 
quantity rectified per cycle of applied P.D. sensibly 
proportional to the area of the positive half-cycle of 
applied P.D. Let it be K times this area, where K is 
a constant depending on the rectifier.^ If the applied 
P.D. is of the form e = sin it can readily 

be shown that, if 8 is small, the total area of all the 
positive half-waves is 2B/(m8). Hence the quantity 

Qa rectified by the atmospheric e = A^ sin cot 

CO 

is given by 

^ Ap 2K 
0.4 = -f X 

(jo coo 

Let the duration of a Morse dot be T seconds. We shall 
suppose that the signal P.D. reaches its full value in a^ 
time that is appreciably less than T. Then the quantity 

Btt 

Qs 1‘ectified by the signal v = cos cot will consist of 
Bn 2KTn 

a quantity -g- x —^ produced during the transmitted 

dot, and a quantity — x — produced after the trans¬ 
mitter key has been raised. 

Hence Qs/Qa 


(Tn 


7T CO 

A ^ 8 ^ p^ II{oj8) 
B TT CO ^ 


(18) 


If T is long enough for the signal to reach its full P.D., 
then formula (18) shows that the final ratio of signal to 
atmospheric is always greater than the ratio given by 
formula (3). If audible reception requires that nS 
shall not be less than 100, then nhT must not be less 
than 4 for 30 words per minute, or 8 for 15 words per 
minute. Imposing that limitation on equation (18) we 
have 

Qs . Ettu} 

TT ^ ^ ® 

Qa -^op 

If we allow for the gradual rise of signal P.D. it may be 
shown that in the limiting case when 8 is zero 

Qs 
Qa 


T 

' Ap ^ 2 


The rectifier will impose a limiting action on very 
strong atmospherics if its anode potential is chosen 
suitably with respect to the strength of the heterodyne. 

* E. B. Moullin and L. B. Turner : “ Thermionic Triode as Rectifier,'* 
Journal LE.E., 1922, vol, 60, pp. 711 and 717. 
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Also, if we make the second acoustic amplifier selective 
to the beat note between signal and heterodyne, and 
make the natural frequency of the first amplifier very 
different from that beat note, we can obtain some degree 
of discrimination between signals and atmospherics. 

13. Conclusion. 

Common experience has shown that the difficulty of 
combating atmospherics is greater than the mathe¬ 
matical analysis contained in this paper would suggest, 
for to cause great disturbance it seems that atmospherics 
would have to be at least 10 times as strong as those 
measured by Watt and Appleton. There are at least 
two reasons why the analysis makes the problem 
easier to solve than it is. First, the atmospherics 
delineated by Watt and Appleton are necessarily single 
discharges which produce a click in the receiver, but it 
often happens that a series of discharges occur in rapid 
succession and will cause much more disturbance than 
a single click. Also, Watt and Appleton observe that 
high-frequency ripples are often superposed on the main 
atmospheric and it is possible that they are the main 


cause of disturbance. Thus a superposed ripple having 
one-tenth the amplitude and 10 times the frequency 
of the main atmospheric will at least double the disturb¬ 
ance caused by the discharge. Hence, although it cannot 
be hoped that the analysis represents the whole problem, 
it is probably a close approximation to it. The analysis 
shows that the direct effect of the low-frequency com¬ 
ponent of current is always negligible, and that the 
disturbance is caused by the high-frequency oscillation 
produced by the atmospheric. It also shows that an 
aperiodic antenna cannot in itself be any protection 
against atmospherics, and that “a tuned loop aerial is 
more selective than a tuned antenna. For a given 
wave-length it appears that the disturbance does not 
depend in any way on the ratio of inductance to capacity, 
but only on the decrement of the first oscillatory circuit. 
It is shown that for audible reception the decrement of 
the first oscillatory circuit should be reduced until the 
phenomenon of “ringing"' becomes troublesome; the 
receiver is then in the best condition to battle with 
atmospherics, and further protection can be obtained 
only by use of special apparatus such as current limiters 
or directional devices. 


Discussion before the Wireless Section, 6 February. 1924. 


Dr. E. V. Appleton : It was natural that we should 
make calculations similar to those desciibed by the 
author as soon as we had seen the wave-forms on the 
oscillographic screen. In work of this type I used 
the well-known mathematical expressions for pulses 
E = and E = A{e~^^ — The net results 

were similar to those of the author in that they showed 
that the effect of an atmospheric pulse increases with 
increase of amplitude and also with decrease of duration, 
but no attempt was made to discuss the effect on various 
circuits in the comprehensive way the author has done. 
At first I thought that the author’s work was a little 
premature in that it was based on a preliminary report 
of our experiments. In tlfet report we were mainly 
concerned with trying to prove that it was possible 
to devise an apparatus which would show atmospheric 
wave-forms, and the analysis of the 600 wave-forms in 
that report is not to be considered final. During the 
year many improvements have been made in the experi¬ 
mental gear. Also something like 8 000 wave-forms 
have been observed, mainly by Mr. J, F. Herd, a full 
account of which will be published shortly. But it 
appears that wave-form, apart from ripples, is not of 
much importance in the analysis and so the author’s 
work is independent of our later results. The interesting 
outcome of Mr, Best’s experiments is that the relief we 
can get frojn atmospheric interference by feebly damped 
circuits is limited by “ ringing,” and it seems certain 
that the main solution at present lies in short-wave 
working and in directional reception. We therefore 
have to ask ourselves the question : Where do atmo¬ 
spherics come from in the first place ? Much has been 
written in answer to this question and many theories 
have been proposed. To these theories I wish to add 
another, and that is, that atmospherics are caused by 
hghtning flashes or discharges from thunder-clouds. It 
is,, of course, well known that lightning flashes do cause 


atmospherics, but this theory differs from the older 
ones in that we are to regard discharges from thunder¬ 
clouds as the major source of atmospherics, instead of, 
as previously, a very minor source. Some years ago 
(see Year-book of Wireless Telegraphy and T'elephony, 
1921, p. 1114) I pointed out that Mr. 'C. T. R. Wilson’s 
observations on the electric field of thunder-clouds 
might be used in deducing the order of magnitude of 
the electromagnetic disturbance arising from lightning 
flashes. From these measurements we may deduce 
that a lightning flash is an aerial with an efiective 
height only to be measured in kilometres and with a 
rapidly changing current of the order of 20 000 amperes. 
There seems no doubt that thunder-cloud discharges 
can be of sufficient magnitude to account for the radia¬ 
tion fields observed. It has often been argued that 
it is difficult to imagine sufficient lightning flashes on 
the earth’s surface to account for the number of atmo¬ 
spherics observed, but I do not think that this is the 
case, as the following considerations show. It is known 
that the earth as a whole remains negatively charged 
in spite of the positive atmospheric current flowing 
into it, wliich is of sufficient magnitude to neutralize 
the charge in 10 minutes. The chief problem of atmo¬ 
spheric electricity is to determine how this negative 
charge is maintained. Mr. Wilson’s theory is that the 
negative charge is replenished by the electricity from 
thunder-clouds either in the form of lightning flashes or 
intense ionization currents. According to one version 
of this theory we must regard the thunderstorm regions 
of the earth’s surface as sending positive charges to the 
Heaviside layer and negative to the ground, either in 
the form of lightning flashes or ionization currents, and 
thus maintaining the Heaviside layer at a million volts 
positive with respect to the earth. In accounting for 
the maintenance of the earth’s charge in this way it 
may be estimated that at least 1 000 thunder-clouds 
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are in action at any one time, I have tried to link up 
this theory of the thunderstorm origin of atmospherics 
with the direotional observations of Ho 3 d:-Taylor, Round, 
Watson, Watt and Schindelhauer on atmospherics, 
and it app^rs possible to get satisfactory correlation 
if we assume that the thundery regions are situated 
mainly on a wide equatorial belt (and in particular 
South Africa and South America) which acts as a per¬ 
manent source of atmospherics. If we accept the 
theory the next poin-? is to consider what general rules 
it gives as to the average direction of arrival of atmo¬ 
spherics at any point on the earth's surface, and what 
form the diurnal variation will take. It is a well-known 
fact (and one which I have noted particularly in Cam¬ 
bridge during the past 6 years) that there is a correlation 
between local time and thunderstorm frequency. 
Thunderstorms occur most frequently during the 
afternoon, and thus at that time we may expect places 
having the same longitude as the point in question 
to act as sources of atmospherics. So far as this point 
is concerned, the source of atmospherics should follow 
the sun. Secondly, there is the question of the proximity 
of a particularly thundery district either on or off the 
equatorial belt (e.g. a land area as opposed to a sea area). 
This region will be a marked source of atmospherics 
when its local time is afternoon. And thirdly, we have 
to consider the question of the ease of transmission of 
electric waves through the atmosphere between the 
point of origin and the point of observation, and the 
diurnal variation of the transmission factor. In this 
connection we may further note the possibility of the 
atmosphere's being aelotropic due to the conductivity of 
ionized gas being greater in the direction of the earth's 
magnetic field than in the direction at right angles. 
According to Mr. Wilson's theory the earth shouM 
possess its maximum negative charge when the maximum 
number of thunderstorms are in action at any part of 
the day. Now Mauchly has shown that the charge on 
the earth reaches a maximum about 18 G.M.T., and if we 
examine Schindelhauer's results we find that the atmo¬ 
spheric disturbances coming from the south and soutli- 
west reach a maximum at about the same time. This 
points to the conclusion that South Africa and South 
America may be regarded as the centres of gravity of 
the earth's thunderstorm and atmospheric-producing 
regions. It has often been argued that atmospherics 
come from places where lightning is not seen, but I 
think that many discharges take place from the top 
of a tlmnder-cloud (10 to 15 km up) to the? Heaviside 
layer, in which case lightning may not be seen through 
the dark thunder-cloud. The general streaming of 
electricity from thfe thundery regions near the equator 
to the remaii^^er of the earth may have on the magnetic 
declination an effect which is perhaps not neghgible. 
It seems quite certain tliat the high-frequency ripples 
mentioned in the recent paper by Mr. Watt and myself 
are one of the chief causes of trouble in dealing 
with atmospherics, and more will be said of this in our 
second paper. Such high-frequency ripples will show 
a diurnal variation as compared with the low-frequency 
form due to atmospheric absorption, and thus will be 
especially pronounced near the source and at night. 
Major A. G, Lee : I should like to mention another 


way of looking at this problem. Lord Rayleigh many 
years ago showed that an aperiodic puke could be 
resolved into a number of sustained sinusoidal com¬ 
ponents forming an infinite spectrum. As an atmo¬ 
spheric can be resolved into the^ sustained sinusoids, 
it follows that, so far §,s our wireless receiving circuits 
are concerned, it is impossible to eliminate those 
sinusoidal components of the atmospheric which lie 
within the frequency curve of the apparatus. One 
result of this way of looking at the problem is that it 
does not matter where the low decrement in a circuit 
is placed, so long as there is a low decrement. Present 
wireless practice rather points to having the low- 
decrement effect at the low-frequency en3 of the wireless 
system, largely because it is more easily attained there. 
General experience agrees with the author's conclusion 
in so far as the reduction of atmospherics depends 
upon the decrement, but it does not quite agree with 
the analysis in the paper in regard to the position of 
that decrement. On page 368, taldng the figures of 
Watt and Appleton of 0 • 1 volt per metre, the author 
says: It would appear that E may be reduced to a 

few microvolts per metre and yet be sufficiently strong 
to hold its, own against the atmospheric ordinarily to 
be expected in this country." This led me to think 
that Watt and Appleton's value of 0 • 1 volt per metre 
(wloich was taken in the winter time) did not apply to 
the average summer atmospheric, as practical experience 
shows that E must be much more than a few microvolts 
per metre in order to hold its own against the ordinary 
atmospheric. In Section 7, which deals with the effects 
of atmospherics on a tuned loop aerial, the ratio of 
signal to atmospheric on the frame and on the vertical 
antenna is given as a)/p. This means that the frame 
is 100 times better than the vertical antenna at 
6 000 metres wave-length. That is not in accordance 
with practical experience. My own experience indicates 
that a frame is only better than a vertical antenna as 
regards its directive effect. Friis, in the Radio Review 
a few years ago, came to the conclusion that a frame 
and a vertical antenna were equal in effect. He took 
a different form of atmospheric, but he showed—and 
I think that is probably the fault in this particular 
analysis—^that with a frame antenna there is a short 
interval of time during which the atmospheric acts in 
one leg of the frame only. At a later stage the atmo¬ 
spheric acts in both legs, the net E.M.F. being due only 
to the phase difference between the equal E.M.F.'s in 
each leg. The author in his analysis has taken that 
later stage as the commencement of his atmospheric. 
Actually the atmospheric would cause a strong, un¬ 
compensated E.M.F. to act in the loop on one leg for a 
short period before it reached the other leg. That is 
possibly the cause of the departure from whgil we know 
to be practical experience in this ratio of loop to vertical 
antenna. The author quotes from Mr. Best’s experi¬ 
ments. I believe that Mr. Best used retroaction to 
obtain the low figure of wS = 100 in his experiments. 
Below that point he was troubled with what is known 
as “ringing" on the circuit. I am not, quite clear 
what effect retroaction has on such ringing: without 
retroaction T have got as low as 80 on tlie low-frequency 
portion of the circuit without any sign of ringing what- 
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ever. Ihere is one limitation on the use of low decre¬ 
ments which has not been discussed so far. That is, 
it is possible to reduce the decrement to such a point 
that satisfactory signals are obtained, either aurally or 
by relay, in the at)sence of atmospherics. In the 
presence of atmospherics, however, the operator prefers 
a high decrement to a low decrement for aural reception. 
The explanation, I think, is that so long as the atmo¬ 
spheric is represented in the telephones by a noise, the 
signal, which is a musical note, can be distinguished 
through a noise which is considerably stronger than 
itself. “When a very low decrement is employed, the 
circuit filters out the side components of the noise, 
leaving only the centre components which produce a 
more or less musical tone of tlie same pitch as the 
signal. It now becomes impossible to distinguish 
aurally the signal from the atmospheric. 

Mr. J. F#Herd : I should like to comment on the 
fact that the wave-forms by which these conclusions 
• have been reached were only in the way of a preliminary 
report from the Radio Research Board Station at 
Aldershot, The continuation of the work has revealed 
a greater variety of shapes of atmospherics than was 
apparent when the smaller numbers in tlie first report 
were dealt with. The author's analysis shows that 
the actual shape is not so important. A new form of 
time base, which we are now using, gives a linear move¬ 
ment of tlie cathode-ray spot, and enables us to say 
with accuracy the order in which the various voltages 
occur. Actually the greater voltage or steeper slope 
does not always occur first. A type of atmospheric 
that would seem to have a far more serious effect on 
wireless receivers than any mentioned in the paper is 
in the form of a quasi-periodic single cycle, the half 
cycles being of sensibly equal voltage and of a sharp 
structure. These constitute 6 per cent of about 6 000 
wave-forms taken, and are characterized by a greater 
field strength than all the other types, that is to say, 
a mean of about 0*2 volt per metre, which is consider¬ 
ably greater than the mean field strength of other 
atmospherics, except when there is comparatively local 
lightning. Even in Aldershot it is frequently observed 
that^the disturbance is in the form of a background 
of considerable numerical frequency bui; of small indi¬ 
vidual amplitude, with disturbances of much smaller 
numerical frequency but of greater amplitude super¬ 
imposed. Even the steady disturbance of small ampli¬ 
tude is, of course, still very large conipared with a 
signal, and where considerable interference is experienced 
it is due to a large extent to the much greater number. 

It is quite possible that many atmospherics of apparently 
simple wave-form may be accompanied by minute 
ripples, which, although small in comparison with the 
fundamental form, may be large compared witli a 
signal. There is no doubt that the effect of such ripples 
would be very important. 

Mr* G. E. Horton: The general conclusions of the 
author agree with the observations of most wireless 
engineers who have had e^erience of atmospherics. 

I have examined the most important ahti-atmospheric 
devices that have been published, and I certainly agree 
with the author that "the difaculty of combating 
atmospherics is greater than the mathematical analysis 


contained in this paper would suggest.** The reason is, 
of course, that the full nature of the problem is not 
expressed in the original equations. The results are 
therefore true in themselves, but they are not the whole 
truth. It might perhaps have been wise to direct 
attention more to the quantities of electricity involved 
than to the potential differences, because the inter¬ 
ference produced by atmospherics is not simply a 
question of amplitudes; it depends very largely upon 
the rapidity with which the impiQses follow each other. 
For this reason the total quantity of electricity set in 
motion per second by the disturbing forces seems to be 
a better measure of their damaging effect than the mean 
or the maximum amplitude of the free oscillation. 
For instance, it is possible by using suitable limiting 
valves to arrange that the atmospherics have an ampli¬ 
tude in the telephones not greater than that of the 
signal. In some experiments on this matter I have 
examined the nature of the current through the tele¬ 
phones by means of a cathode-ray oscillograph, and I 
have satisfied myself that this state of limitation was 
actually obtaining. It might be thought that with a 
1. 1 ratio of signal to atmospheric, a signal of good 
strength would always be readable. But tins is not 
so; it all depends on how frequent the atmospherics 
are. At the southern end of the Red Sea there are 
times when even Nauen is not readable, although the 
limitation of atmospheric amplitude may at the same 
time be perfect. In common with Major Lee, I should 
like to ask the author to explain a little more fully the 
equations which appear to show that the signal atmo- 
I spheric ratio for a loop is m/p times that of an aerial of 
i the same decrement. I take it that the advantage of 
loop reception is now doubted by no one. It is the one 
a«iti-atmospheric device that always works; but is it • 
as much superior to the ordinary aerial as this formula 
seems to hint ? It has been held that the signal atmo¬ 
spheric ratio for a loop is two or three times that for 
an ordinary aerial. I have sometimes felt that that 
estimate is a little optimistic, but a superiority of 
several hundred times is suggested here. The discrep¬ 
ancy is so great as to warrant some explantion. Possibly 
a direct examination by cathode rays of the form of 
the E.M.F. induced by an atmospheric in a loop would 
throw light on the matter. 

Mr. J, E* Taylor; The author points out that one of 
the limitations in decreasing the antenna decrement 
in order to obviate or reduce the effect of atmospherics 
is the phdhomenon of ringing. No doubt tliat is true, 
but is it not in effect a recommendation for the use of 
shorter waves for signalling ? I was much interested 
in the view which Dr. Appleton expressed, viz. that all 
atmospherics are due to lightning flashes. JEIis definition 
of a lightning flash is rather broad. In liis view, appar¬ 
ently, all electric disturbances of whatever kind that 
may occur in the course of a thunderstorm are lightning 
flashes. It appears to me, however, that it is likely 
that the flash itself i$ only the full development of an 
electrical disturbance, and that full development only 
occurs very occarionally, the initial disturbances which 
do not mature into a flash proper being much more 
frequent. I am not inclined to agree with Dr. Apple- 
ton s view because, for one reason, a wireless antenna 
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probably only picks up a very small proportion of the 
total atmospherics existing. This will be realized 
if an isolated earthed telephone line is used instead of 
a wireless antenna for picking up atmospherics. They 
can then ^ frequently heard in great profusion and 
with their various sound characteristics faithfully 
reproduced, so that, numerous different types can be 
picked out which repeat themselves at irregular intervals. 
Individual lightning flashes can also be readily recog¬ 
nized on such a circuit, though doubtless certain high- 
frequency atmospherics may be ignored by the simple 
telephone receiver. Some of the t 5 rpes heard are 
palpably not lightning flashes, whatever else they may be, 
IVlr. R.. H. Barfield : To me the most interesting 
point in the paper is the great superiority which the 
author*s analysis gives to the loop over the antenna 
from the point of view of freedom from atmospherics. 
If his view were correct, the use of the antenna for 
reception purposes would be likely to disappear. He 
admits, however, that there is no experimental confirma¬ 
tion of this conclusion. One possible explanation of 
this discrepancy between theory and the observed fact 
is that the loop in picking up the atmospherics may be 
acting as an' antenna. That is to say, it may be the 
** antenna effect" of the loop which is responsible for 
the greater part of the atmospheric disturbances obtained 
in practice. When receiving signals on a loop the 
antenna effect may easily be of the order of 10 per cent 
of the loop effect, but for atmospherics the ratio of the 
former to the latter might conceivably be very much 
greater than 100 per dent, since the loop acting as an 
antenna would liave a high decrement and this circum¬ 
stance has been shown by the author to favour greatly 
the atmospheric as opposed to the signal. Even if*»the 
loop were compensated for antenna effect as regards 
signals, it is probable that this compensation would not 
hold good for atmospherics. 

Mr • W • J. Brown : In the recent Westinghouse 
Metropolitan-Vickers tests on 100-m transatlantic 
transmissions, the ratios of signals to atmospherics were 
carefully estimated, using a frame aerial and an open 
vertical antenna, and it was found that very little 
improvement indeed resulted from using a frame aerial. 
In this case, the wave-length being 100 m, m/p = 6 000, 
so that even if 10 per cent were allowed for antenna 
effect on the frame aerial, a ratio of 600 could still be 
expected. The fact that on these very short wave¬ 
lengths there is no real advantage in using a frame 
aerial, seems to bear out the idea that therl must be 
something not accounted for in these formuke. 

Mr. G. F. Phillips : The author mentions that the 
only hope he has oi combating atmospherics lies in the 
use of some type of frame. One type of antenna does 
seem to show a higher ratio of signal to static than any 
other form at present known. I refer to the Beveridge 
antenna—a long, low wire perhaps only a few feet off 
the ground, of at least half a wave-length and preferably 
several wave-lengths in dimension. The previous 
speaker referred to the transmissions on 100 m from 
the United States. I have not tried to receive them on 
a frame aerial, but I have done a good deal of reception 
qn a high antenna normally subject to veiy considerable 
interference. On these short waves, the conclusions 


shown in Equation (3) seem to be very fully justified, 
as what most people take to be atmospherics I tliink 
are valve noises or noises that occur in the set. There 
is a very great disparity between the opinions of the 
author and those of Major Lee i'fegarding the position 
in which retroaction might introduce negative resistance. 

I have always held the opinion that a more selective 
circuit can be obtained by introducing negative resistance 
as close to the aerial as possible, and personally I prefer 
that way of working. Reaction or retroaction, when 
applied to what the author has termed a stopper ” 
circuit, does not seem to be particularly valuable unless 
the decrement of the aerial circuit is quite low. 

Major H. P. T. Lefroy: The author,^n dealing with 
the reduction of atmospherics, appears to assume that 
their complete elimination is so improbable that this 
point does not need consideration. In tliis we should 
probably all be inclined to agree with him; the following 
remarks may, however, be of interest in this connection. 
At Cairo, in September 1917, I was experimenting on' 
a four-wire aerial suspended from the top of the Great 
P 3 u:amid to the Nile River level, i.e, a vertical height of 
about 600 ft. Atmospherics were, of course, extremely 
strong, and, as they hindered our work, I was constantly 
experimenting with a view to the reduction of their ' 
effect. On the occasion under consideration I was 
using a modified Marconi No. 16 tuner, arranged for 
combined high- and low-frequency magnification on a 
" Round soft valve, with a carborundum detector, as 
usual, but instead of connecting the grid and filament 
direct to the aerial they were connected to a closed 
grid circuit which was not directly coupled to tlie 
aerial. The aerial was coupled magnetically to a tuned 
plate-circuit, and the latter was coupled also to the 
tuned grid circuit, so that the plate circuit acted as a 
filter to the grid circuit, and the arrangement was 
practically the same as that of a continuous-wave 
transmitter. I observed that when there was a certain 
intensity and direction of coupling between these tliree 
circuits, I could receive signals well with reduced filament 
current, and that the effect of atmospherics was then 
considerably reduced. On further reducing the filament 
current and then making these couplings tighter, and 
also slightly retuning the grid and plate circuits, I found 
that atmospherics became still weaker, and finally I 
completely eliminated them. . I was adjusted to a 
wave-length of 600 m, and soon after obtaining this 
result I received exceptionally loud spark signals from 
.Alexandria on this wave-length, thus proving that my 
apparatus was still very sensitive for the reception of 
desired signals. Unfortunately I had to leave Cairo 
for Baghdad two days later, and I can now find no 
detailed record of my circuits, nor have I since been 
able to reconstruct the exact arrangement necessary j 
perhaps some other experimenter may yet find this 
arrangement, or another one giving similar results, 

Mr. J. HoUlngworth (communicated) : In a paper 
of this nature consisting chiefly of mathematical analysis 
the two points most suitable foi* discussion are the 
premises on which the fundamental formulae are based, 
and the generalized conclusions drawn from the results. 

In the first of these categories falls the formula assumed 
for the shape of the atmospheric. Pending the develop- 
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ment of a photographic raethod of recording these 
traces, the scheme of hand reproduction of a visual 
trace seems to be hardly one on which a critical analysis 
can be based. In addition, the author refers to the 
importance of the aSpples in the atmospheric wave¬ 
form in determining the initial rate of growth. I 
believe that the size of the spot in the oscillograph is 
comparable with its maximum amplitude, and it seems 
that under such conditions superimposed ripples of 
considerable amplitude might be present without being 
detected. I should like to ask the author how far the 
important statement—^that the determining factor in 
the disturbance produced is determined by the initial 
rate of rise—^hoids for ripples whose frequency approaches 
that of the tuned circuits, and when it would require 
modification. Also, how far do the results of Section 6 
hold for the ordinary case of a secondary circuit coupled 
to the aerial with the valve in the usual position; as 
the reduction of aerial resistance by retroaction appears 
•to involve a considerable risk of throwing the whole 


is then no ohmic voltage-drop in the circuit, the current 
being zero. In other words L . dildt is equal to the volt¬ 
age induced in the loop due to the variation in the 
magnetic held. Putting this value in the expression 
for and using tlfe author's approximations, we find 
that^==^ p/o}) ANHe^^ sin wt. The ratio (maxi- 
maxrx steady signal)/(maximum atmospheric) is then 
(HVc*))/(HSp), which is similar to that for a tuned 
open aerial. It follows, therefore, that for the type of 
atmospheric under consideratioS, a tuned frame or 
loop has no advantage over a tuned open aerial, except¬ 
ing that possessed in virtue of its directional properties. 
This only holds, of course, when the signal current in 
the loop has attained a sensibly steady value. With a 
circuit of very low decrement the initial and final 
transients would have to be taken into consideration. 
Apart from the anal 3 rtical viewpoint, it is clear that 
Equation (7) does not truly represent the physical 
aspect of the matter, since the current in the loop 
cannot increase with increase in decrement of the 
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message from New Brunswick, U.S.A. (WII). received at Chelmsford 
With a magnetic drum recorder on the 2nd July, 1923, using a frame aerial 3 ft 9 in 
square. Automatic transmission at 25 words per minute. 

rapidit“of?c^nonh?SJ&^^ the taje ^ not actual tape are quite straight. Owing to the 


aenal arcuit into a condition of oscihation and cons( 
quently of interference ? Two smaU points arise wit 
regard to the very low decrements advocated by tt 
author. One is that retroaction pushed to the limi 
cannot be regarded as a mere reduction of efiecti'v 
resistance only, but is also accompanied by modificatio 
of the other constants of the circuit; and the other tha 
in a practical case the frequency of transmission is liab] 
to swing considerably about its mean position. If th 
decrement be too low these swings will be accompanies 
by very large variations in signal intensity. The autho 
IS to be congratulated on grasping the fact, appreciate 
by far to© few mathematicians, that, in a subject lik 
this where conditions cannot be rigidly specified, th 
prme object is to indicate general conditions o 
behaviour rather than to give numerical results. 

Dr. N. W. McLachlan (commumcated): Equation (7 
IS in error, due to .the assumption that di/d^ is zen 
when t IS zero. Taidng the author's equation to th 
atmospheric, viz. h = sin pt, where h is the instan 

taneous value of the magnetic field, the value of L . dild 
IS equal to d(ANh)ldt ^ ^pANH when t = 0, since ther 


[ atmospheric. Also from the equation immediately 
preceding (9) we can see that the presence of 6 in the 
denominator indicates something which is opposed to an 
accurate physical concept of the problem. In Section 
(12) it is shown that, except for the effect of the decay 
period at the termination of a Morse character, the 
ratio QsIQa independent of the damping of the receiver 
circuit. The result of the analysis expressed in this form 
is apt to lead to the erroneous impression that no advan¬ 
tage is gained by using circuits of low decrement. 
iUthough the quantity of electricity rectified, due to 
either signal or atmospheric, increases with decrease in 
decrement, the vector sum or difference *^of the signal 
• and atmospheric, prior to rectification, increases in 
favour of the signal. It is this resultant voltage with 
which we are concerned in reception. Moreover, it can 
be seen—on this voltage basis—^that after rectification 
the lesser atmospherics become innocuous when the 
decrement is sufficiently low, for the voltage of the 
atmospheric—even when it is initially in opposite phase 
to the signal in the receiving circuit—^is never large 
enough to cause any material alteration in signal 
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strength. So fax as the recording of signals is concerned, 
the following remarks may be of interest. With strong 
atmospherics, provided they do not occur too frequently 
and the speed of transmission is not too high, it is pos¬ 
sible, by using a suitable receiving qircuit and a recording 
instrumertiP which responds very quickly, to obtain a 
.legible record. Fig. A shows a record of signals from 
New Brunswick (WII) taken at Chelmsford about 
7 p.m. on the 2nd July, 1923, with my Magnetic Drum 
Recorder.* Despitg atmospherics the tape is quite 
legible, since the duration of the impulses in the recorder 
circuit is much less than that of a dot. To secure 
this condition the circuit must be properly adjusted as 
regards damping; also as regards signal strength at the 
recorder. It should be observed that an oval, or chisel- 
pointed, siphon giving thin up and down strokes is 
essential to secure optimum legibility. When the record 
was obtained, the strength of the atmospherics was such 
that an open aerial accompanied by a receiving circuit 
comprising high-frequency retroaction and three low- 
frequency filter units of low decrement gave unreadable 
tape. For satisfactory recording, a frame 3 ft. 9 in. 
square having seven turns of stranded wire was used.J 
Stabilized retroaction was employed on the frame, and 
after suitable high-frequency amplification and hetero¬ 
dyning, the signals were rectified, worldng on the curva¬ 
ture of the anode-grid characteristic. The retroactive 
circuit was adjusted so that signals from the rectifier 
were clear-cut. Following the rectifier was a three- stage 
inter-valve tuned, note filter (2 000 periods) with air-core 
coils of variable coupling, whose selectivity charac¬ 
teristic could be varied. The signals from the third 
valve were just “ ringing,'* so that aural reception was 
not unpleasant. The voltage variation on the plate 
of the valve was applied to a d.c. converter unit of 
the type devised for the recorder. J The anode voltage 
on the note filters and converter unit was 240, so that 
substgintial negative potentials could be applied to the 
grids of the amplifying valves to reduce the possibility 
of grid current or of the rectification or saturation limits 
being reached due to high-voltage atmospherics. There 
was no limiting valve device in the circuit, since sensibly 
linear amplification was desired. 

Professor E. W. Marchant (communicated) : The 
paper is open to the objection that must apply to all 
purely mathematical papers, namely, that the premises 
on which the mathematical analysis is based are incom¬ 
plete. The paper by Messrs. Appleton and Watt 
recording the actual wave-shape of atmo^herics has 
thrown a great deal of light on their true nature, but 
the records that they have published include only a 
relatively small pumber of atmospherics which have 
been observed at one time of the year only. An analysis 
such as that^hich has been made by the present author, 
although useful in throwing light on the factors which are 
of importance in reducing atmospheric disturbances, 
deals with only one or two forms of atmospherics, and 
one would like to see a more complete record of the 
actual wave-forms of atmospherics before coming to 
any conclusion as to the efiectiveness or ineffectiveness 
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was superiority of the frame, due to its directional properties, 

t Loc. cit,t Fig. 11. 


of any particular method of reducing thqjr effect. 
During the past year we have been making a number of 
experiments at Liveipool on methods of reducing 
disturbances due to atmospherics, and other causes, 
mostly on short wave-lengths. 'Jlie disturbances which 
were found to be most troublesome were those due to 
electrical currents whVsh produce effects not unlike the 
atmospherics recorded by Messrs. Appleton and Watt, 
and we have found experimentally that the use of an 
aperiodic aerial has considerably improved the signals 
received, i.e. it has reduced the ratio between the 
atmospheric ** and the signal. The reason for the 
improvement is, I think, that in the author’s words, 
the high-frequency part ** of the soludon of his differ¬ 
ential equation has been cut down. On page 361 he 
refeis to the method of slightly distuning the aerial 
from the received signal. As he says, such a distuning 
can have very little effect on the magnitude of the 
high-frequency current set up by the atmospheric, but 
will make the frequency of this current appreciably 
different from that of the signal for which the amplifier 
is tuned. The metliod, which was proposed many 
years ago by Marconi, of using two secondary circuits, 
both coupled to the antenna, one tuned and tlio other 
slightly distuned from the received signal, atid balancing 
these circuits so that when they have equal currents'* 
flowing in them they will produce no effect on tlie 
receiver, is an illustration of the application of this 
method. In practice, however, it is stated by lho.so 
who have used the method that the effect of sliglitly 
distuning one of the circuits is to alter very appreciably 
the currents due to atmospherics flowing round it, with 
the result that the two circuits no longer remain balanced 
for atmospheric disturbances, and considerable noise 
is produced in the receiver. I have suggested elsewhere 
that this effect may be due to the production by the 
atmospherics of oscillations in the aerial—what the 
author calls the liigh-frequency current *’—due to 
the complementary function in the solution of his 
differential equation. The use of the balanced system 
with an aperiodic aerial would, I believe, be much more 
beneficial and I hope it may be tried under conditions 
where atmospherics are very severe. On page 304 
it is stated that the tuned aerial or the combination, 
of any form of aperiodic antenna with a selective 
amplifier can always bo made to give an identical ratio 
of signal to atmospheric by adjusting the decrement 
of the first oscillatory circuit of the chain. There is, of 
course, a fairly high lower limit ** to the ^decrement 
which can be obtained on an ordinary aerial for tlio 
reception of broadcast messages. For example, in 
order to reduce disturbance in buildings, it is often 
beneficial to use an earth mat ** instead of connecting 
to water pipes, although the effective resist|^iiGo of the 
aerial circuit with this arrangement is increased and the 
signal strength diminished. The signal strength is, of 
course, cut down by the insertion of extra resistance in 
the aerial, and the signal is therefore correspondingly 
weakened, but the signal strength can usually be in¬ 
creased again as much as is necessary by using ampli¬ 
fiers. We have found in practice that the ratio of 
signal strength to noise due to disturbance or atmo¬ 
spherics can be appreciably increased by inserting 
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resistance in the aerial. In his “ Conclusion the 
author points out what must be evident to everyone, 
viz. that the mathematical analysis contained in the 
paper does not correspond very closely to practical 
results. As he says, the mathematical analysis suggests 
that, to cause serious’ disturbance, atmospherics would 
have to be at least 10 times as st?rong as those measured 
by Watt and Appleton. The paper is of interest in 
showing the way in which the effect of certain types of 
atmospherics, such as have been recorded by Messrs. 
Watt and Appleton, can be reduced, but it will require 
a very much more elaborate analysis if the effect of the 
almost innumerable combination of disturbances that 
are met with in a wireless receiving set can be discussed 
mathematically? The only method which can lead to a 
practical solution of this problem is that of observation 
and experiment. 

Mr. E. B. MouUin {in reply ): Some speakers have 
suggested that a mathematical analysis is of little 
practical use since it does not include all the factors in 
the problem. I cannot agree with this. I think that 
finally the problem can be studied only experimentally, 
but unless the programme of such experiments is 
directed by analysis there cannot be, in my opinion, 
much hope of success. In this problem we have at 
least eight independent and controllable variables, as 
well as several independent variables not under control 
which arise from the atmospheric itself. Should an 
optimum combination of these many circuit variables 
exist, the chance of happening on it experimentally is 
very small. Had my analysis depended on an exact 
wave-form for the atmospheric it would indeed have 
been useless, but it shows that all atmospherics having 
the same initial rate of increase will produce sensibly 
the same result whatever their subsequent shape. I 
made this analysis preparatory to starting on experi¬ 
mental work, and I hope that it may be of use as a 
rough guide to other experimenters and show which 
are the most suitable avenues of attack.. 

Mr. Hollingworth asks if the analysis is valid for 
ripples of which the frequency approaches that of the 
tuned circuit. This question can be answered by means 
of the analysis in Section (4) leading up to formula (1). 
If the main atmospheric is accompanied by a slightly 
damped ripple of one-tenth its amplitude and having 
a frequency one-quarter that pf the tuned circuit, the 
resulting current would be about 4 per cent greater 
than if it had been calculated from the true initial 
slope, but the presence of the ripple would increase 
the current about four times. Hence I think we may 
say that the disturbance is always sensibly propor¬ 
tional to the initial slope, but it is probable that the 
apparent initial slope as shown by the oscillograph as 
constructed at present may be quite different from the 
true value. As pointed out in Section (10), I think 
that this is the chief reason why the numerical part of 
this analysis appears to underestimate the difficulties' 
of the problem. . The analysis is valid for ripples, and 
to obtain correct numerical results we must doubtless 
take some other value for cu/p, say 6 or 7, and a reduced 
value for .4, and add the result to the figures given in 
the paper. The results of Section (5) do not apply 
directly to the case of a.n intermediate tuned circuit 
between the antenna and the amplifier. This case is 
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easily worked out because the low-frequency current 
can be ignored. The problem is therefore the same as 
that of spark reception with a double tuned circuit; 
and I think that the modifying factor to be applied to 
formula (3) would be negligible. With present condi¬ 
tions I agree that the unsteadiness of ^transmitter 
frequency is likely to impose a limit on the decrement, 
but I do not think that modification by retroaction of 
the circuit constants will affect the results, for the 
circuit will simply be retuned to puit those conditions. 

Major Lee suggests that the atmospheric be repre¬ 
sented by a Fourier integral. I did not do this because 
the analysis is more complex and less readily reduced 
to a generalized form. We must argue with care from 
the spectrum analysis of a pulse, because we must 
remember that the pulse is represented by the net 
effect of the simultaneous presence of every frequency. 
I do not think that we can necessarily ignore t^ 
presence of an iiifinite number of finite terms the fre¬ 
quency of which lies outside the resonance band. An 
aperiodic pulse can scarcely have the same effect as 
sustained and uninterrupted sinusoids having a 
frequency lying within an indefinitely narrow band. 
The sum of the infinite number of terms which lie 
outside that band must evidently produce a finite 
effect. Also the effect of those acoustic frequencies 
which lie within the band of the low-frequency ampli¬ 
fier, and which are vastly diminished by their passage 
through the high-frequency amplifiers [see Section (12)], 
may not produce tlie same effect as the high-frequency 
band which is amplifiied. Hence, although his argument 
for putting the low decrement anywhere in the chain 
may be correct, I do not think that it can be proved 
witiiout detailed analysis. 

Mkjor Lee ‘and Dr. McLachlan have both pointed out 
ail error in the treatment of the loop aerial. I agree 
with Dr. McLachlan that I was in error in taking the 
initial value of Mldt to be zero, though if the loop be 
treated properly, in the way Major Lee suggests, the initial 
value of dildt would be zero. I am grateful to those 
speakers for clearing up a point which common experi¬ 
ence suggested was wrongly treated somewhere : their 
remarks answer the questions of several other speakers. 

Mr. Horton suggests that the ratio which I have 
taken of signal to atmospheric does not represent the 
afhount of disturbance produced, but since I have 
carried on my analysis to compare the quantities of 
electricity rectified [see formula (18)] I think that my 
ratio is a suitable measure of disturbance. If the effect 
of a succession of atmospherics is to be calculated it is 
necessary to consider the phase relation of one pulse 
to another. ^ 

If I understand Dr. McLachlan correctly, he suggests 
that an atmospheric which occurs during «a Morse sign 
is not likely to produce as much disturbance as one 
which occurs during a space. If this be the case, my 
analysis, which does not consider the co-existence of 
signal and atmospheric, is more complete than I had 
stipposed. The photographic records, however, do not 
seem to bear this out, for many atmospherics which 
occur during a sign bring the signal current down to 
zero. The signal current never seems to be increased 
by the atmospheric, but possibly this is due to a limit 
on the siphon. 
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DISCUSSION ON 

“LOUD-SPEAKERS FOR WIRELESS AND OTHER PURPOSES.” 

Further Communications to the Discussion.* 


Dr. W. A. Aikin [communicated) : Without going 
too deeply into the science of phonology, which is a 
special branch of physiology for the study of the vocal 
organs and their functions, I think that some of its 
facts and principles might be useful in this discussion. 
We learn from the natural phenomenon known as the 
resonator scale ” that the resonation of vocal sound 
is two-fold. The upper, principally in the mouth, is 
a complex of high reinforcements with a definite re¬ 
sultant, giving vowel-character; whereas the lower, 
principally in the neck, expands for deeper reinforce¬ 
ments, giving '' tone '' or general quality to the sound. 
By this arrangement sonorous quality increases the 
amplitude of the sound waves by reinforcing deep 
harmonics, and the special characters of vowels may be 
represented by furrows of various designs upon the 
vibrations. Remembering that sound waves are in 
three dimensions, the delicacy of the sense which detects 
the shapes as well as the amplitude and frequency of 
the vibrations as they fall upon the drum of the ear, 
is wonderful indeed. In declamation we rely more upon 
deep resonation than upon force, and therefore the 
mechanical loud-speaker should be constructed with a 
view to preserving and even augmenting this function, 
if the natural ''humanity'^ of speech is not to be 
impaired. I would therefore draw particular attention 
to the deeper effects of resonation in any experiments 
that are made ; for the smaller vibrations of character 
will come through almost anything, whereas the deeper 
effects of tone are easily destroyed. Mentioning experi¬ 
ments .reminds me that I sought for years in vain for 
a laboratory where acoustic experiments could be 
carried on. Then electricity and chemistry crowded 
out all else. Now, perhaps, someone will take up 
sound and make the best of mechanical voices on the 
same principles as the phonologist does of natural ones. 
Among the papers which I have written on the subject, 
I think that one read at the Societ}^ of Arts in 1906 
and printed in their Journal would indicate to anyone 
the laws we follow. The subject of resonation is not 
yet fully investigated, and our greatest authority, 
Helmholtz, left behind him in his work ^ on vowel 
sounds several unaccountable errors which have delayed 
our correct knowledge of the facts. His definition of 
the shape for the yowel AH, for instance*, as a funnel 
increasing with tolerable unifoi*mity from the larynx 
to the lips,’** is anatomically impossible. Any loud¬ 
speaker made upon that pattern would, in my opinion, 
cut off much of the full quality or tone reinforced in 
the lower hollow and emitted through an open throat. 

Mr. L. Miller [communicated) : Prof. Rankine 
alludes to thermal receivers. Like many other useful 
inventions, these originated in this country and have 
been almost entirely dropped, while other nations 
have continued to develop them. Many patents have 
* See page 265. 


been taken out on the Continent and in America for 
heat-operated receivers, chiefly of the glow-lamp type, 
in which the air takes up the vibrations from a hot 
wire, no diaphragm being employed. Such receivers 
have been placed on the market, but it is obviously 
very difficult to compete with such a good and heavily- 
capitalized instrument as the ordinary electromagnetic 
telephone. I have had no experience with the thermal 
receivers in question, nor with the straight-wire kind 
with one end fixed to a diaphragm, but have made 
many experiments with the loose-contact receiving 
microphone type, which, in my opinion, is also 
actuated by expansion and contraction. I gave a 
demonstration with them, in this hall, before the Wireless 
Society, in November 1921. They reproduce speech and 
music very clearly, but not at all loudly, as compared 
with the ordinary telephone. As claims have been 
made in the electrical Press (though not by me) that 
they can be used for loud-speaking purposes, I have 
recently tried at what distance from one of my receivers 
speech could be heard so as to be understood, and I 
found it to be about 3 ft. No horn was employed. 
One contact of fused marcasite was fixed in the centre of 
a large mica* diaphragm, slightly pressed by another 
contact of hard synthetic galena. It seems very unlikely 
that the instrument has reached anything like finality 
in my hands alone, and I shall therefore conclude by 
endorsing the words of Prof. Fleming, in the last Kelvin 
Lecture,* that it is well worth further study. 

Professor A. O, Rankine [in reply) : The out¬ 
standing fact which emerges from this discussion is 
that apparently we cannot yet get sufficient loudness 
for loud-speaking purposes without relying to a con¬ 
siderable extent upon resonance. Perhaps in the 
future there will be developments on the practical side 
which will enable us to escape from this position, and 
I feel sure that this would lead to great improvement. 
For the present, however, we have to make the best of 
the actual situation, and this fact makes my opinion 
coincide with that of Mr. Nash, who has, I think, mis¬ 
interpreted my remark about horns. I would advocate 
the elimination of these devices only if up to the point 
where their function begins the acoustic output has 
already suffered no distortion from resonance. If, on 
the contrary, as Captain Cohen has so clearly explained, 
present circumstances compel us to choose between 
pure quality and enough intensity, I agree^with Mr. 
Nash as to the value of horns in that they may render 
resultant resonance less selective. They may, as I 
have already indicated in my introductory remarks, 
be used to provide additional resonances so as to balance 
other inevitable ones in other parts of the essential 
frequency scale. It would, however, be a rather fatal 
mistake to fashion them to suit any special vowel, as 
is half suggested at the end of Dr. Aikin’s remarks. 

* Journal 1923, vol, 61, p. 613. 
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Mr. Smith has suggested an arrangement suitable for 
visual observations on the quality of transmission. 
In this system the original sounds on the one hand, 
and the loud-speaker output on the other, are to be 
picked up respectively by two as nearly as possible 
identical" telephone receivers, and the results re¬ 
corded simultaneously on an (Oscillograph. I should 
prefer to impose the additional condition that the 
telephone receivers should be completely non-resonant; 
and I should not feel happy about the oscillograph 
itself unless it possessed the same negative attribute. 
It is a little surprising that Mr. Smith did not specify 
a cathode-ray oscillograph. Perhaps he recognizes no 
other! Mr. Sutherland in his introductory paper 
speaks of desirable reverberation," more particularly 
in relation to music, but also as regards speech; but I 
still adhere to the opinion that reverberation is a 
thing which we have to put up with in order to hear 
loudly enough, and that we have virtually to learn 
several different languages, musical and otherwise, 
according to the conditions of listening. Does a 
speaker or a band, after all, sound so dead " in the 
open air if we are close enough to hear ? I disagree, 
however, rather reluctantly, for Mr. Sutherland's view 
seems to provide me with an excuse for inability to 
appreciate some modern music. If a correct amount 
of overlapping and blending by the agency of rever¬ 
beration forms an essential part of the music, it might 
with some force be argued that I had not yet been 
fortunate enough to listen to the work of, let us say, 
Mr. Arnold Bax, in the right concert hall. 

Mr. L. C. Pocock {in feply) : Mr. Manis disagrees 
with the statement that a horn is the ideal form of 
coupling between the diaphragm and the air, and con¬ 
siders that one becomes tired of the horn resonance; 
further, he states that the presence of horn resonance 
can be proved by removing the horn. I should like to 
point out, however, that the use of a horn cannot be so 
lightly dismissed. It is easy to design a horn with 
strong resonance, and this is done in hom-t 3 q)e musical 
instruments; it is also possible, though less easy, to 
design a horn with much weaker resonance. The 
former is analogous to a resonance transformer or 
resonant transmission line, the latter to a transmission 
line in wMch the inductance and capacity vary continu¬ 
ously from end to end, and such an arrangement may, 
in principle, be a maximum energy coupling, although 
the application of the principle is restricted by the 
length of the horn. One may easily tire of the resonance 
of a bad horn, but a good horn has a far from evident 
fundamental, with many partials, and it can scarcely 
be claimed that tlie change of tone on removing a horn 
of this type proves anything, because tlie increased 
diapliragnj, resonance resulting from reduced damping 
introduces far more distortion than was caused by the 
horn. 

Mr. Voigt endeavours to show that the efficiency of a 
loud-speaker is considerably greater than 1 per cent. 
In a reacting circuit of the kind which he describes, the 
osciUatiou point is conditioned by *= 1* where 

Vv V 2 f are tlie loud-speaker efficiencies and % is the 
amplifier power-efficiency. Mr. Voigt overlooks the 
fact that the power amplification is the square of 


the voltage amplification, so that if == and 
1^3 = (26)2—^using the lowest figure assumed—the loud¬ 
speaker efficiency at resonance is only 4 per cent, and 
the average efficiency a good deal lower. It is rather 
doubtful whether t^es of receivers having less-pro¬ 
nounced resonance peaks would sustain osciflations with 
so small an amount of amplification as that described. 
My own calculation of the efficiency as less than 1 per 
cent was based upon the estimate that normal speech 
represents an average emission ofrenergy at the rate of 
126 ergs per second (Physical Review, March 1922) and 
that the most efficient loud-speaker obtainable requires 
approximately 0 • 0006 watt to produce the same speech 
intensity. The efficiency is, therefore, about 2-5 per 
cent, and many loud-speakers have only one-tenth of 
the efficiency of the one quoted. The estimated input 
power of 0 * 0006 watt was calculated from experimental 
data on the R.M.S. current giving the required sound 
intensity, and on tlie impedance of the receiver at 800 
periods per second. 

Mr. H. L. Porter (in reply) : One conclusion which 
may be drawn from this discussion is that electrical 
and acoustical resonance are mainly responsible for 
distortion in the loud-speaker. The introductory 
papers, however, were confined to a specialized con¬ 
sideration of one or other of the phenomena, but little 
attention has been paid to the need for their correlation. 
The discussion itself did not make this clear. For 
example, to manipulate the electrical circuit inde¬ 
pendently of the acoustic system could easily do more 
harm than good, for one might actually eliminate from 
the circuit resonances which might be permitted to play 
a very useful part in a suitably-chosen acbustic system. 
In (Dur work on the gramophone, we found that the 
r^onance of parts of the system which we anticipated 
might greatly add to the distortion proved to be very 
useful in arriving at our curve of uniform distribution 
of intensity. Again, we found that the greatest dis¬ 
tortion did not arise from the separate resonance peaks 
but from their close acoustical proximity: the orderly 
arrangement of these peaks was most essential. It 
therefore seems reasonable to regard the problem of 
the loud-speaker in a similar manner. If an electrical 
circuit be used in conjunction with an acoustic system, 
the combination should be treated as a unit. The 
contribution of each part of that unit should be ascer¬ 
tained and, if possible, arranged for mutual assistance. 
In the past, work on the loud-speaker has been mostly 
concerned ;jvith the efficiency of the electrical circuit. 
There may now be the danger of investigations taking 
an acoustical bias. Since the final sound waves' are 
determined both by the electrical circuit and by the 
acoustic system, further work should not be allowed to 
take what might easily be divergent pathsT Our minds 
must be alert to both considerations. 

Professor E. Mallett (in reply) : In the original 
telephone receiver and in some loud-speakers the dia¬ 
phragm performs a double function: it not only 
provides the necessary vibrating surface which moves 
the particles about and so starts a sound wave, but 
also itself forms the mechanical system which is vibrated 
by the alternating speech current. In these cases 
resonance in the diapliragm is doubly important. In 
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other instruments the vibrating system is a reed or an 
armature with spring control, each of which will have 
its own peculiar resonance acting to modify the ampli¬ 
tude of the diaphragm at the point where it is fixed to 
the vibrating system, but leaving the resonances of the 
diaphragm still to control the distribution of amplitude 
over the surface of the diaphragm, and hence the 
emission of sound waves. In reply to Mr. Burnand, 
it is thought that these diaphragm resonances will 
occur whatever therform of the diaphragm, including 
the cases which he cites. 

Many of the speakers have confined their attention 
to the resonances of the horn, and the various curves 
exhibited are ascribed to horn resonances. But they 
are in all cases to be ascribed rather to the combined 
mechanical resonance of reed (or other vibrator which 
may be a diaphragm), diaphragm and horn. One 
speaker, Mr. Nash, shows a curve purporting to separate 
these out, but the curve is admittedly a theoretical 
one, and none of the theory is given. But if Mr. Nash*s 
figure for the permissible variation of power output 
with frequency for no appreciable distortion is correct, 
i,e. a variation from 100 to 850, or 750 per cent, one 
might be inclined to ask, why all this fuss about 
resonance ? The answer seems to me to be this, 
that resonance may accentuate unduly a tone which 
was not originally transmitted. Consider, for instance, 
an ordinary receiver through the coils of which is flowing 
a current due to two simultaneously maintained notes 
at the transmitting end of frequencies a)i/(27r) and 
a)2/(27r). Now let the current be ii sin + ^2 sin 
The pull on the diaphragm will be proportional 
to (jBq + bisin a)it -|- sin C 02 «) 2 , where Bq is the per¬ 
manent flux, and bi and 62 s-re the fluxes due to the 
currents ii and ^ 2 * This expression 

= Bo -f ibi + ^bl -{- 2 B 061 sin coit H- 2 B 062 sin (o^t 
”h (^1 — ^2)^ — ^1^2 ^®S + Ct>2)^ 

— \hi cos 2(x)it — | 6 | cos 20 ) 2 ^ 

Thus it is seen that alternating pulls of frequencies 
2a>i/(27r), 2a>2/(27r), (cui - and (a>i -f C 02 )/( 2 ^) 

are introduced as well as pulls of frequencies a>i/(27r) 
and a> 2 /( 27 r) of the original tones. It is true that the 
amplitudes of the additional pulls are small comp^ed 
with those of the transmitted tones, provided Bq is 
large compared with 61 and 62 , but tliey will be appreci¬ 
able if hi and b^ are increased by overloading the 
receiver, and the amplitude of the resulting sound wave 
may be appreciable with quite ordinary loads if the 
frequency happens to be near a resonance point. With 


the harmonic tones 2a)i/(27r) and 2 o> 2 /( 2 ' 7 r) the> resulting 
effect will probably not be unpleasant, but the sum¬ 
mation and difference tones, (ooi -F and 

(Cell “ ^ 2 )/( 2 ^)» well produce most unpleasant 

results. This will apply to all ^^hose loud-speakers in 
which there is a permanent magnetic pull on the 
vibrating system. ^ 

Similar considerations apply to the valve if the 
latter is overloaded, so that either the curved part of 
the characteristic is used or grid current is allowed to 
flow. The anode current from a double-frequency 
E.M.F. on the grid will then contain summation and 
difference terms which, if they happen to be those 
of resonance frequencies of the receiy^r may produce 
appreciable sound waves. It may also be that with 
very large sound amplitudes this effect may also appear 
in the throat of the horn. It would seem possible, 
therefore, that the question of distortion is more a 
matter of summation and difference tones than of 
the relative amplitudes of the transmitted tones. 
The above considerations would explain satisfactorily 
why telephone receivers and a loud-speaker worked to 
give a small sound output give really good repro¬ 
duction, but that directly the output is increased 
distortion appears, and the greater the sound output the^ 
greater the distortion. ^ 

Captain P. P. Eckersley {in reply) : Mr. Nash has 
raised the question of the horn. Briefly, the horn gives 
efficiency, whilst the large-diaphragm, hornless type is 
inefiflcient. If, however, the hornless type (for which 
I hold no brief whatsoever) gives sufficient volume with 
more faithful quality for an average drawing-room, it 
has at least served a useful purpose. The particular 
quality that pleased me in the type of loud-speaker 
which I demonstrated, was the warmth of bass tones, 
coupled with an extraordinary faithfulness even in the 
upper register. This quality might be manifest in a 
hornless or horn type, the low resonance being in no 
way intrinsic to the absence of a horn. I still reiterate 
that what I have called the efficient type of loud¬ 
speaker with resonances around .1000 periods per 
second can never give faithful reproduction, and that 
lack of warmth in the bass, a minimization of higher 
harmonics, and a barking of vowel sounds in speech 
are all characteristic of this type of instrument. Our 
ears are most sensitive to tliis middle register, and are 
asking all the time for stronger extremes of the sound 
gamut. This must be the next great advance in loud¬ 
speaker design; whether the horn will be used or not 
is immaterial to the question of proper frequency 
recognition. 
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32nd meeting of THE WIRELESS SECTION, 7 NOVEMBER, 1923. 


(Held in the Institution Lecture Theatre.) 


Dr. A. Russell, President, took the chair at 6 p.m. 

The minutes of the meeting of the Wireless Section 
held on the 6th June, 1923, were taken as read and 
were confirmed ^nd signed. 

A vote of thanks to Professor G. W. O. Howe for 
his services as Chairman of the Wireless Section during 
the past two Sessions was proposed by the President, 
seconded by Dr. W. H. Eccles, F.R.S., and carried with 
acclamation. 


Mr. E. H. Shaughnessy, O.B.E., Chairman of the 
Wireless Section, then delivered his Inaugural Address 
(see page 61).^ 

A vote of thanks to Mr. Shaughnessy for his Address, 
proposed by Admiral Sir Henry Jackson, G.C.B., 
K.C.V.O., F.R.S.,and seconded by Mr. A. A. C. Swinton, 
F.R.S., was carried with acclamation, and the meeting 
terminated at 7.10 p.m. * 


33rd MEETING OF THE WIRELESS SECTION, 21 NOVEMBER, 1923. 
(Held in the Institution Lecture Theatre.) 


Mr. E. H. Shaughnessy, O.B.E., Chairman of the 
Section, took the chair at^ p.m. 

The minutes of the meeting of the Wireless Section 
held on the 7th November, 1923, were taken as read 
and were confirmed and signed. 

A paper by Dr. E. V. Appleton, M.A., and Mr. F. S. 
Thompson, B.A., entitled Periodical Trigger Recep¬ 


tion (see page 181), and a paper by Mr. R. C. Clinker, 
Member, entitled " A D 3 mamic Model of a Valve and 
Oscillating Circuit** (see page 126), were read and 
discussed. On the motion of the Chairman a vote of 
thanks to the authors was carried with acclamation, 
and the meeting terminated at 7.24 p.m. 


704th ORDINARY MEETING, 22 NOVEMBER, 1923. 

[Joint Meeting with the Socntr^ des iNGitNiEURS Civiis de France (British Section).] 
(Held in the Institution Lecture Theatre.) 


Dr. A. Russell, President, took the chair at 
6 p.m. 

The minutes of the Ordinary Meeting of the 
1 st November, 1923, were taken as read and were con¬ 
firmed and signed. 

The President announced that the French Govern¬ 
ment had awarded to Mr. C. H. Wordingham, C.B.E., 
and to Mr. Twelvetrees the Diploma of the OfScer of 
Public Instruction, and he asked Monsieur Gu6ritte, who 
had obtained the Diplomas from the French Ambassa¬ 


dor, to present one to Mr. Twelvetrees, Mr. W^'ordingham 
being unavoidably absent. 

Monsieur Gueritte then presented the decoration to 
Mr. Twelvetrees. 

A paper by Mr. A. Bachellery, entitled The Electri¬ 
fication of the French Midi Railway ** (see page 213), 
was read and discussed. 

On the motion of the President a vote of thanks to 
the author .was carried with acclamation. The meeting 
terminated at 7.60 p.m. 


706th ORDINARY MEETING, 29 NOVEMBER, 1923. 


(Joint Meeting with the Physical Society of London.) 


(Held in the Institution Lecture Theatre.' 


Dr. A. Russell, President, took the chair at 6.30 p.m. 
The minutes of the Ordinary Meeting of the 22nd 
November, 1923, were taken as read and were confirmed 
and signed. 


A discussion took place on "Loud-Speakers for 
Wireless and other Purposes," in connection with 
which the following introductory papers were read 
(see pages 266 to 286) :— 
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Prof. A. O. Ranldne, D.Sc. : '' General Principles 

involved in the Accurate Reproduction of Sound by 
means of a Loud-Speaker/' 

Mr. L. C. Pocock, B.Sc. : Theory of Loud-Speaker 
Design." 

Prof. C. L. Fortescue, M.A. : The Sources of Dis¬ 
tortion in the Amplifier." 

Mr. H. L. Porter, B.Sc.: "The Acoustic Problems 
of the Gramophone." 

Mr. E. K. Sandeman, B.Sc.; "The Relative Im¬ 
portance of each Frequency Region in the Audible 
Spectrum—Measurements on Loud-Speakers." 


Prof. J. T. MacGregor-Morris and Prof. Ei Mallett, 
M.Sc. (Eng.) : " The Overtones of the Diaphragm of 
a Telephone Receiver." 

Mr. G. A. Sutherland, M.A. : ‘ Auditorium Acoustics 
and the Loud-Speaker." ^ 

Mr. S. G. Brown, F.R.S.: "Some Directions of- 
Improvement in the Lbud-Speaking Telephone." 

Captain P. P. Eckersley: " The Characteristics of 
a New Type of Loud-Speaker." 

The . discussion was adjourned and the meeting 
terminated at 9.40 p.m. 


34th meeting of TPIE'WIRELESS SECTION, 5 DECEMBER, 1923. 


(PIeld in the Institution Lecture Theatre.) 


Mr. E. H. Shaughnessy, O.B.E., Chairman of the 
Section, took the chair at 6 p.m. 

The minutes of the meeting of the Wireless Section 
held on the 21st November, 1923, were taken as read 
and were confirmed and signed. 

A paper by Mr. L. B. Turner, M.A., Member, entitled 


" The Relations between Damping and Speed in Wire¬ 
less Reception " (see page 192), was read and discussed. 
On the motion of the Chairman a vote of thanks to the 
author was carried with acclamation, and the meeting 
terminated at 7.40 p.m. 


706th ordinary MEETING, 13 DECEMBER, 1923. 
(Held in the Institution Lecture Theatre.) 


Professor E. W- Mar chant, D.Sc., Vice-President, | 
took the chair at 6 p.m., in the unavoidable absence of j 
Dr. A. Russell, President. ,1 

The minutes of the meeting of the 29th November, j 
1923, were taken as read and were confirmed and 
signed. ** 

A list of candidates for election and transfer approved 


by the Council for ballot was taken as read and was 
ordered to be suspended in the Flail. 

A paper by Mr. D. Brownlie, B.Sc., entitled 
"Pulverized Fuel and Efficient Steam Generation,” 
was read and discussed. On the motion of the Chair¬ 
man a vote of thanks to the author was carried with 
acclamation, and the meeting terminated at 7.55 p.m. 


35th meeting of THE WIRELESS SECTION, 2 JANUARY, 1924. 
(Field in the Institution Lecture Theatre.) 


Mr. E. H. Shaughnessy, O.B.E., Chairman of the 
Section, took the chair at 6 p.m. 

The minutes of the meeting of the Wireless Section 
held on the 5th December, 1923, were taken as read 
and were confirmed and signed. ^ 

A paper by Mr. R. H. Barfield, M.Sc., Student, en¬ 


titled " Some Experiments on the Screening of Radio 
Receiving Apparatus” (see page 249), was read and 
discussed. On the motion of the Chairman a vote of 
thanks to the author was carried with acclamation, 
and the meeting terminated at 7.10 p.m. 


707th ORDINARY MEETING, 3 JANUARY, 1924. 

c 

(Field in the Institution Lecture Theatre.) 


Dr. A. Russell, President, took the chair at 6 p.m. 

The minutes of the Ordinary Meeting of the 13th 
December, ]?923, were taken as read and were confirmed 
and signed. 

A list of candidates for election and transfer approved 
by the Council for ballot was taken as read and was 
ordered to be suspended in the Flail. 

The following list of donations was taken as read and 
the thanks of the meeting were accorded to the donors : 

Benevolent Fund : W. H. Bottomley; R. V. Broberg ; 
C. Cartmell; T. C, Christianson; E. T. Clifford-Jones ; 
A, C. Coward ; H. J. Finder ; F. W. Geoghegan ; P. H, 


Gwynn; Messrs. W. T. Henley's Telegraph Works; 
T. W. E, McKew; W. G. P. Mitchell; F, Riley ; W. 
G. Smith; and The " Twenty-five ” Club (per Mr. W. B, 
Esson). 

Dr. S. /P. Smith, Member, then delivered a lecture 
entitled " Railway Electrification in Foreign Coun¬ 
tries ” (seejpage 317), and the lecture was followed by 
a discussion (see page 322). On the motion of the 
President a vote of thanks to the lecturer was carried 
with acclamation, and the meeting terminated at 
7.45 p.m. 
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708th ordinary MEETING, 10 JANUARY, 1924. 


[Joint Meeting with the Socii^TJt des Ing^nieurs Civils de France (British Section).] 


(Held in the Institution Lecture Theatre.) 


Dr. A. Russell, President, took the chair at 6 p.m. 
The minutes of the Ordinary' Meeting of the 3rd 
January, 1924, were taken, as read and were confirmed 
and signed. 


The discussion on Mr. A. Bachellery's paper entitled 
" The Electrification of the French Midi Railway ** 
(see page 213), was continued, and the meeting 
terminated at 7.26 p.m. 


709th ordinary MEETING, 17 JANUARY, 1924. 


(Held in the Institution Lecture Theatre.) 


Dr, A. Russell, President, took the chair at 6 p.m. 

The minutes of the Ordinary Meeting of the 10th 
January, 1924, were taken as read and were confirmed 
and signed. 

Messrs. A. H. Allen and A, T. Dover were appointed 
scrutineers of the ballot for the election and transfer 
of members and, at the end of the meeting, the result 
of the ballot was declared as follows :— 


Elections. 

Members. 

Aitken, Robert. Kirkland, John Wilkinson. 

Cornfoot, Thomas. Prince, Charles Edmond, 

Kennedy, Peter. Major. 

Street, Charles Frederick. 

Associate Members. 


Adendorff, Gerald Victor. 
Barnard, Frederick 
George. 

Bowen, James Bevan, 
Wing-Commander 
R.A.F. 

Brown, Cecil Norman. 
Davies, Ralfe Davidson, 
Lieut. R.E. 

Gage, Ernest Cecil. 
Galliard, John Douglas. 
Glanvdle, George Gros- 
venor. 

Kendon, Donald Henry. 
Lewtey, William Cruch- 
ley. 

Mayral, Arthur Lawrence 

G. 

Ohtsuki, Takashi. 


Rawlinson, Rowland 
Henry. 

Ricci, Ralph Elwyn. 

Rissik, Jacob Willem, 
B.Sc. (Eng.). 

Sheldrick, John Engledow, 
B.Sc. (Eng,). 

Smith, Arthur Eric, B.Sc. 
(Eng.). 

Smith, Ronald. 

Struthers, George Alex¬ 
ander. 

Tilley, Herbert Benjamin. 

Toogood, Henry Feather- 
ston. 

Varadachari, Perungavin. 

Wilson, Herbert. 

Workman, Eric Walter, 
B.Sc. (Eng.). 


Graduates. 


Ashton, William Thomas. 
Atherton, John- Francis. 
Bickerstaff, Ernest. 
Birkby, Harold! 

Bliss, William Arthur. 
Burn, Walter. 

Carter, Arthur, 

Close, Charles Victor, 
de Burgh, Desmond, 
Herlouin, Flight Lieut. 
R.A.F. 


Duce, George William, 
B.Sc. (Eng.). . 

Earle, Beresford Langston. 
Eggins, Leonard George. 
Forrester, James Shannan. 
Garrett, Percival Theo¬ 
dore. 

Ghosh, Surendra Nath. 
Gill, Ernest William. 
Glass, Francis. . . 

Gould, Frank. 


Gradua tes —continu ed. 


Grainger, Oliver. 

Groser, Stanley Rust. 
Hall, John, B.Sc. (Eng.). 
Hay, Andrew. 

Henzell, George Peregrine. 
Hewitson, Maynard. 
Hounsell, Ernest Alfred. 
Hughes, Lionel Jutson. 
Kaempf, Emil. 

Langlands, George Boyd. 
Lucas, Leonard Hillyer. 
Lundy, George Alfred. 
McLaughlin, Bernard 
Alphonsus. 

Mayo, Oswald James. 
Mill, Harry. 

Mitchell, George William. 


Munro, John. 

Nicholes, Samuel. 

Nixon, Thomas Edgar B. 
Osborn, Thomas Lester A. 
Pearce, Reginald. 

Pollack, Leonard Austin. 
Pound-Corner, Harold 
Sinclair, B.A. 

Procter, William Sldrrow. 
Scott, Alexander Theodore. 
Sinclair, Harold. 

Smith, Hubert Alfred, 
B.Sc. 

Tozer, Robert James M. 
Valentine, Arnot Stirling. 
Verma, Panna Lai. 

Wells, Charles Frederick. 


Students. 


Adbutharaj, Rajiah. 

Aiken, Leslie James. 
Allcock, Frank Byard. 
Anderson, Frank Cordue 
K. 

Anderson, James Peter. 
Anderson, Savile. 

Andrews, Allan. 

Archer, Leslie John. 

Aria, Dadiba. 

Atkins, James Walter. 
Attlee, John Stuart. 
Austen, Donald Edwin H. 
Austin, Percy Ellis, B.Sc. 
(Eng.). ^ 

Azimuddin, Mohamed. 
Bagnall, Maurice Arthur. 
Bagshawe, Alexander Sin¬ 
clair. 

Baker, Ernest Edward. 
Baldwin, Cecil Spence S. 
Ball, William Barnard, 
B.Sc. 

Banbury, Leonard Glan- 
ville. 

Banks, Rowland Victor. 
Bannat 3 me, Andrew Mans¬ 
field. 

Bartlett, Cecil Vernon. 


Batten, Ernest Richard. 
Batty, Bernard. 

Beer, Horace George. 
Behrman, Boris. 

Bell, Ian. 

Bertone, John. 

Bishop, John Montague, 
B.E. 

Bogie, Andrew. 

Bowden, George Herbert. 
Bo 3 me, John Grant. 

Braid, Kenneth Edwin P. 
Brailsford, Fred. 

.Brewer, Arthur Ernest. 
Brierly, Richard Francis 
H. 

Brown, Robert Redman. 
Bull, M^colm James. 
Bush, Alfred John. 

Cade, SydneyKi^eorge. 
Canning, Horace Reginald. 
Carfrae, William John. 
Carter, Murray Oliphant. 
Catchatoor, George Eard- 
ley A. 

Chapman, Geoffrey 
Tancock. 

Chenevix-Trench, Lionel 
Geofbrey. 
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Siudents- 

Chisnall, Cecil Ernest. 
Church, John William G. 
Cleveland, George Robert 
E. 

Cobb, Kenneth. 

Cochran, Robert Jack. 
Cokart, Petrus Isaac. 

Cole, Frank Jaspar. ^ 
Colmar, Geoffrey Charles. 
Connolly, Reginald Charles 
H. 

Cook, Albert Edwin. 

Cooke, Norton Robson. 
Cooper, George Frederick. 
Cox, Albert Rowland. 
Crawshaw, Cyril John, 
B.Sc. (Eng.). 

Crisp, Arthur Bright 
Cronwright, Roy Bazett, 
B.Sc. 

Cullimore, Cedric Anthony. 
Damant, George Edward. 
Bavidson, William 
Stewart. 

Davoren, Lucius Andrew. 
Dicks, William John H. 
Dodd, John Hedley. 
Dunbar, James Quentin, 
pupen, Vivian Cecil. 
Easton, Nigel Tyther- 
leigh. 

Esther, Harry, B.Eng. 
Field, James Frederick. 
Fenton-Jones, Flugh. 
Fletcher, Dudley Wilfred 

H. 

Fox, Kenneth McLean. 
Freeland, Arthur James. 
Freeman, Charles Fred¬ 
erick. 

Fricke, Henry Moger. 
Frugtniet, Adalbert 
Vance. 

Gardner, James Nielson. 
George, Henry Hale. 
Gibson, Robert. 

Godden, William Fenwick. 
Gomez, Jose Gomez. 

Good, William Rexter. 
Goubert, Arturo.^ 

Graham, Douglas Ernest. 
Graham, Hurry. 

Grant, Allan, B.Sc, 

Green, Harry. 

Griffith, Herbert Clewin. 
Grove, George Richard P. 
Hall, John Lawrence. 
Hampshire, Harold Wil¬ 
liam T. 

Hancock, Harold Percy, 
Hards, Richard Leo. 
Harper, William George. 


■continued. 

Harris, Francis Alfred. 
Harris, Richard H. 
Harrison, John Murray. 
Harvey, Hector Gordon. 
Haskard, John Leslie. 
Heap, David, B.Sc.Tech. 
Hedley, Hugh Hutton. 
Hedley, Isaac Flerdman. 
Flenry, Howard Francis. 
Higgs, Thomas Ware. 
Hinds, James Oliver. 
Hinnawy, Abdul Magid. 
Hodges, Leonard Allen. 
Hogarth, John Russell. 
Hogbin, Archibald. 
Flollingshead, John. 
Holmes, John ITardy. 
Flughes, Alexander Rus¬ 
sell M. 

Hughes, Charles Wesley. 
Hughes, Julio Reginald. 
Flughes, Thomas Charles. 
Flunking, Arthur Lancelot. 
Hunter, Kenneth Kirk¬ 
wood. 

ITutchings, Eric Edward. 
Jacques, John Rowland. 

Jarvis, Arthur Porter, 
Jehu, John William. 

Jesty, Edgar Flenry. 
Jewsbury, Eric. 

Jewsbury, William. 
Johnston, Eric Montague. 
Jones, Frank, B.Sc. ^ 
Kalle, Maurice L. F. 
Kingshott, George Wil¬ 
liam. 

Kirkby, Norman Reginald. 
Kirsten, Kenneth Flaenert, 
B.Sc. 

Knight, Arthur William. 
Lamb, Flenry Lincoln. 
Lane, Francis John, B.Sc. 
Latham, Tom. * 

Lawrence, Alan. 

Lessel, Robert James. 
Lightbown, John. 

Linton, James. 

Lloyd, John Austin FI. 
Long, Geoffrey, 

Lower, John Flenry. 
McClean, Herbert George, 
B.Sc. (Eng.). 

McClure, Charles Archi¬ 
bald. 

McCracken, Stanley. 
McFarlane, John. 

Macfie, Duncan Brown. 
McGavin, James. 
Mackenzie, Evan John. 
Mackenzie, William Alex¬ 
ander. 


Stiddents-^ 

McKie, David Gordon. 
McLean, Francis Charles. 
Manning, James Walter G. 
March, Charles Edward M. 
Matthews, Albert Deq^t. 
Matthews, Flarry James. 
Maye, John Wintle. 
Mayhew, Thomas Alfred. 
Meares, Oswald Mapletoft. 
Meneze, John Arthur. 
Milne, Alexander James. 
Mitchell, Alexander. 
Mitchell, Ernest James W. 
Moller, Herbert Cecil H. 
Morton, Harold Christo- 
pherson. 

Mosedale, Philip John. 
Motlia, Britto Raphael. 
Moursi, Mostafa Riad. 
Mullineux, James. 

Nagel, Llewellyn. 

Nahapiet, Ernest Owen. 
Nash, Alfred James L. 
Nind, Eric Arthur. , 
Nottingham, Edward 
Charles. 

Ogden, Horace Chadwick, 
B.Sc. (Eng.). 

Old, David. 

Oldcorn, Eric Carlton T., 
B.Sc. 

Olver, George Corden. 
Osborn, Leroy Gordon. 
Parish, William Joseph. 
Parsons, Henry Harold. 
Passmore, Charles Rivers. 
Pattinson, Robert Raine. 
Paul, Jack Heron. 

Peakin, Cecil John, 
Pearson, Frederick John. 
Peas good, Flarold. 

Peckett, Leslie James. 
Perkins, Griffith Flugh, 
B.Sc. (Eng.). 

Phillips, J ohn Leslie. 
Phillips, John Waldron. 
Pilfold, Charles William. 
Plumtree, Ian Stanley. 
Porter, Andrew. 

Price, Gilbert Watts. 
Pritchett, Cyril George. 
Pye, Frank Peveril. 
Radford, John Samuel. 
Ragunather, Arumugam. 
Record, Charles Reuben. 
Reid, William Alfred. 
Renwick, William John. 
Revell, Edward Walter 
M. 

Ridsdale, Henry Arthur C. 
Ritchie, Flenry Wilfred. 
Robertson, Gilbert. 


■continued., 

Rogerson, Richard Wynd- 
ham. 

Roseway, Walter Norman. 
RoVell, Cecil Victor. 
Russell, John Joseph. 
Sanders, Arthur Leslie. 
Sanderson, Albert King. 
Schiodt, Martin Theodore. 
Scott, Eric Kenneth. 

Shaw, Cecil Maurice. 
Shearer, James. 

Shurben, Henry William J. 
Siding, R’Jiginald Harry. 
Sieveking, Herbert. 
Simpson, George Francis. 
Simpson, Norman George. 
Skinner, Frederick George 

J. 

Smith, David Hughes. 
Sniith, David Salmond. 
Smith, Eustace Herbert. 
Smith, Frank Jervis. 
Smith, Ian Stewart. 

Smith, Thomas Haworth. , 
Smythe, Francis Sydney. 
Spindler, Arthur Hard 
man. 

Squires, Frank Henri. 
Starling, Benjamin. 
Stewart, Ian Dunlop. 
Storer, Robert Harrison. 
Striem, liubert Henry V. 
Symes, George Leslie. 
Tannett, Anthony. 

Taylor, Samuel Mellor. 
Tetley, Arthur Cyril. 
Thomas, Arnold Harrison. 
Thomas, Edgar Frank E. 
Thornton, James Philip. 
Tibbitts, Edgar Ernest. 
Tidmus, Allan Flinds. 

Todd, William George. 
Trimmer, William Jack. 
Tuck, William Douglas. 
Tufnail, Maurice Edward. 
Vallis, Leslie Cecil. 

Verano, Ernest Augustus. 
Vernier, Charles Leonard. 
Vickers, Harold Edwin. 
Villiers, William Am¬ 
herst. 

Walsh, Joseph Anthony. 
Waterheld, HSnry (Jnr.). 
Watson, Robert Parker,. 

B.A. 

Watt, Warden Kennedy. 
Webb, John Krauss. 
Weston, Gordon. 

Wheatley, Stanley James. 
White, Jack. 

Williams, Joseph. 

Wills, David Flilary. 
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Wilson, James. 

Windred, George. 

Witt, Stanley Reuben. 
Wittrick, James Lewie. 
Woodbridge, Arthur Wil¬ 
liam. 

Woodcock, Vincent. 


Woodcock, Walter Leslie. 
Woodforde, John. 
Worthing, Cyril Evans. 
Young, Albert Edward. 
Young, Norman James. 
Young, Richard Vincent. 


Associates. 

Atherton, Arthur. Owles, Archibald Bewick. 

Tansley, George Edward. 


^ Transfers. 

Associate Member to Member. 


Farrow, Alfred Edward. 
French, Walter William E. 
Gittins, George Edward, 
B.Sc. 

Handley, Benjamin. 
Harrison, Harry Hughes. 
La^on, Walter. 
McLennan, Duncan. 
Martin, Harold. 

Mayes, Arthur Edward. 


Naylor, William Slater. 
Nelson, James. 

Newberr}^, William George. 
Phillips,' Lewis Waight. 
Stigant, Stanley Austen. 
Thompson, Harry Sydney. 
Waygood, Oscar Candish. 
Wilcox, Walter Maitland, 
B.Sc. (Eng.). 

Wilson, Henry. 


Associate to Member. 
Short, Frederick Martin. 


Graduate to Associate Member. 


Boyland, Harold John. 
Bremner, Francis Donald 
H., B.A. 

Brigg, John Ellwood. 
Edwards, Leslie. 

Farrell, James Fraser E. 
Peasgood, Frank. 

Searles, Harold Everard. 
Smith, Esmond Wassell. 
Smith, Harry Foster. 


Stinchcomb, Ernest 
Arthur. 

Swift, Bernard. 

Vanneck, Richard Grant, 
M.C. . 

Waddicor, Harold, B.Sc. 
West, Frederick William 

J. 

Willson, Charles Schum- 
melketel, B.Sc.(Eng.). 


Student to Associate Member. 


Benger, William Alan. 
Buckman, Henry Leonard 
B.Sc. 

Chadwick, Samuel. 
Champney, Laurence. 
Hall, William Noel. 
Hoyle, William Dickon. 
Moir, Roy Adamson. 


Morgan, Percy Davies. 
Nicholson, Graham 
Franklin. 

O'Neill, JamesT Francis. 
Perks, John Noel R. 
Scott-Taggart, John, M.C. 
Semer, Arthur. 

Villie^ip, Algernon Edward, 
M.A. 


Student i 

Beckett, Charles Murray. 
Berry, John. 

Booth, John Arthur. 
Bulley, Henry Samuel. 
Burgess, William. 

Capper, Frank Wilton. 
Chakravarti, Girindra 
Narayan. 

Clarke, Harold. 

Coates, Albert William. 
Corkill, William Alfred. 
Comer, Herbert. 

Ganapati, Salem Venca- 
tramana. 

Gaster, Abraham Em¬ 
manuel. 

Henderson, Francis 
Adrian. 

Hine, Frank Walter. 
Hipwell, James Henry. 
Hobson, Ralph Silvanus. 
Horo'g^itz, Hyman. 

Howard, Henry John.. 

Wilson, Dav; 


Graduate. 

Hutton, William Stanley. 
Jordan, William Stewart. 
Leathes, William Henry B. 
Lissenden, Percival 
Horace. 

McEwan, John Douglas T. 
Mackay, William Morton. 
McKnight, William Alex¬ 
ander. 

McNab, John. 

Omar, Sidiqi Mohamed. 
Payne, Charles Jeifery. 
Pennal, Herbert William. 
Sanderson, Edward Rob¬ 
son. 

Small, Allan Jamieson. 
Snipe, Norman Victor. 
Stansfield, Joshua Ber¬ 
tram, B.Sc, (Eng.). 
Thompson, Cecil George. 
Torrance, John. 

Tucker, John Potterton. 
Wade, John Charles. 

L MacArtliur. 


A paper by Mr. H. Marryat, Member, entitled Elec¬ 
tric Passenger Lifts" (see page 326), was read and 
discussed. On the motion of the President a vote of 
thanks to the author was carried with acclamation, 
and the meeting terminated at 7.47 p.m. 


Dr* A, Russell) President, took the chair at 6 p.m. 

The minutes of the Ordinary Meeting of the 17th 
January, 1924, were taken as read and were confirmed 
and signed. , 

A list of candidates for election and transfer approved 
^by the Council for ballot was taken as read and was 
ordered to be suspended in the Hall. 

A list of donations to the Benevolent Fund (see pages 
210 to 212) 1vas taken as read and a vote of thanks was 
accorded to the donors. 


710th ordinary MEETING, 31 JANUARY, 1924. 
(Held in the Institution Lecture Theatre.) 


The President announced that the third award of 
the Faraday Medal had been made to Dr. S. Z\ de 
Ferranti, Past President. 

A paper by Professor W. M. Thornton, O.B.E., D.Sc., 
Member, entitled “ Some Researches on the Ssife Use 
of Electricity in Coal Mines," was read and discussed. 
On the motion of the President a vote* of thanks to the 
author was carried with acclamation and the meeting 
terminated at 7.62 p.m. 


36th meeting of THE WIRELESS SECTION, 6 FEBRUARY, 1924. 
(Held in the Institution Lecture Theatre.) 


, Mr* E, H. Shau^huessy) O.B.E*, Chairman of tlie 
Section, took the chair at 6 p.m. 

The minutes of the meeting of the Wireless Section 
held on the 2nd January, 1924, were taken as read and 
were confirmed and signed. 


A paper by Mr. E. B. Moullin, M.A., Member, entitled 
" Atmospherics and their Efiect on Wireless Receivers " 
(see page 363), was read. and discussed. A vote of 
thanks to the author was carried with acclamation 
and the meeting terminated at 7.60 p.m. * ^ 
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Coopei's’ Hill War Memorial Prize. 

Thepri/e for the year 1022 {m^vJoHynui 1021, 

vol, fiO, p. ;MH) lias iieen awarded to Mr. ]*’, K. ('onda^s 
for his inonof^raph on ** An Historknd and ('ritical 
Survey of Ainiospheric h'lutdrie.ity ami Prolee.titm 
against highining.** 


“‘Chartered Electrical Engineer.’' 

The following J^ye-law of the Institution suhsti- 
tution for existing Bye-haw 0), wliieh was aflopteil at a 
Special (leneral Meeting of the (*orj)orat<> Idendiers lieltl 
on the 2Sth hVbruary last, was allowed by tin* Lords 
of Mis Majesiv’s Most Ilononrable Privy Poniu il on the 
20Ui March, 11124 : 

(a) An Honorary Mi'iuber shall be entitUsl to the 
exclusive use tifter ins name o[ the initials *’ Hon, 
M.I.iC.K.'*; a Member of the initials M.I.ICJ*!.” ; an 
Associate Member of the initials A.M J JLI’L": an 
Associate of the initials “ Associate I, K.h*/'; a (»ratlua(e 
of the initials “ Gradualo LILIC.'*; and a Sind<;lit of 
the initials “ Stnchnii I.K.K/' ^ 

(h) Kvt*ry Member and As.Hodale Member is, ami i.s 
entitled to di^scrihe himself as, a (‘liarlere»l ICIectriiud 
Engineer, ami in using that dtrscripiion after his name 
shall place it after the designation of the class in the 
Institution to which he belongs, stated in accordatue 
with the following abbrevisilxsl forms, namely, Md.EJv. 
or A.M.LK.E., as tluj case may b<‘, 

(c) A Member or AssoduU^ Member praclisitig 

(i) under the title of, or as an ollicer or tsrn- 
ployee of, a Limited Pompany unthtiri/ed 
to carry on the husiness of an dectrkal 
engineer in all or any of its brunches, or 
(u) in partnerKhip with any person \vho is not 
a Member or Associate Member of the 
Institution under the title of a Birin 

m 

shall not nsg or pca-niit to be used after the title of any 
such Company or Firm the designation " Chartered 
Electrical Engineer ” or *‘ Clmrtered Electrical Engi¬ 
neers " or describe or permit the description of such 
Company or Firm in any way as “ Chartered Ivlectrical 
Engineer" or "Chartered Electrical Engineers," 

(d) No person shall adopt or describe himself l>y any 
other description or abbreviation to indicate the class 
to which he belongs than i.s provided in this Bye-law 
for such class. 


National Ooitillcates and Diplomas in Electrical 
Engineering. 

11ic following is a further list of sdiHuls and colleges 
apjmivuti ftir the award uf llu* above [see Insiftuiion 
Nairn, No. .HO, pagti (ll^). J'dv 102.H, and laurnai I JiJi,, 
1024, vot. 02, page 200.]. 

Apimnrti ftiy (hdiiuny Oradr Crr/ificatrn (Senior Pitti- 
iimr ( em.’jr.s). 

Aston Tt*chnu*al School. 

Bfiollo Municijial 'reclmiual School. 

Darlington *r<Hrhnical Ptillege. 

Dcw.sbury rtH4mical School. 

Doncaster Technical (\illege, 

Dudley Technical t'olleg<‘. 

Jlandsworth ‘rechnical School. 

Hanley Technical School (Stokeam l'rent). 
Hudderslield 1*e<dmi(:al Pollege. 

Hull Mniiidpal Technical Schcjol. 

l^.C.P. Sclmol of Engineering and Navigation.**’ 

Leeds (’etilr.al Tecinitcal School. 

Maiiclie.sler < cillegt* of 'reciniology. 
t Mdham 'n^.linlcal School, 

Pitrlsmonth tVbinid[iaI C'iilJege. 

Slieerness Technical Institule. 

Sheliield \ biiversit y. 

Stoke on Tn*n( Pentral School of Scieiu'e. 

SwauMSi Technical ( ollege. 

Apfnihrt/ t»o f/i^/n r tirade tUriificatrn {Advanced Pari'* 
iimr 

Halifax Technical Ptillege. 

L.flCl School of Engineering and Navigalton.* 
Liverpool <"entral Technicul School. 

MaiiclieHler C*olk‘ge of 'I*echnulogy. 
i*ortsmonlh Municipal College. 

Apfnwed far (hdinmy tirade Diphwns (Srnior Puff- 
Unw Omrnen), 

Leeds (!entral Technical School. 

The Benevolent Fund. 

'riio following is a list of Hid Donations and Annual 
Siibscripticms received during tlus period 20 February 
to 25 March, and of those paifl direct to the. Insiitiitioii 
bankers from J January to 25 Match, lf)24: - 

£ 8. d. 

Alabaster, Bt,*Major E, O. (Gosport) .. 5 0* 

Allen, A. H. (London) .. .. ..lid* 

Allom, G. l\ (Loiitlon) .. .. ., 1 1 0* 

♦ Atinnal Rubsi'riptiona. 

* Sliowfi on 2IC) of JfmftMl No. (I nliruaiy nn ** T'oplar SOirwiI 
ot NttvigjiUoti/* 
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Summary, 

The paper is a detailed consideration cif the latest develop¬ 
ments in the use of pulverized co;il for steam generation, 
and a comparison of tho advantages ainl ilisadvantages of 
this method of firing as compared with mechanical stoking, 
in each case under tlie latest improved coiKlitioiLs aiul more 
particularly as. applied to very larg(? power-,stalion boiler 
plants. Since the starting up in iHuuunber, 1020, of the 
pioneer large installation. Lakeside, Milwaukee (40 000 kW 
on Lopuleo pulverizcHl fuel), the progress made in Diiited 
States has been remarkable, and approximalifly 3 500 000 
tons of pulverized coal per annum will shortly be burnt uiuler 
water-tube boilers. 

The paper contains a full .account of the Lakeside station, 
particularly the exact working costs, whilst a description 
is also given of tho River Rouge plant at Diturbfirn, Jielrnit, 
as representatives of modern pulvtuized-fiud practice, bV*r 
comparison, a simihuf account is given of the Dalmariionk 
power station, Glasgow, characteristic nf the best British 
mechanical stoker practice. 

The author is of the opinion that the advantages in tlw 
aggregate of pulverized fu<d are so great that they coivdi- 
tnto almost a revolution in steam-boiler practice. The paper 
also contains a large amount of giiiieral stalisticul matter. 

Introduction, 

One of the most striking lievelopnient.s in ilut whole 
history of steam generation has bc?L*u the rapirl growth 
of the use of pulverized fuel in the United Stales during 
the past three or four years, 

This,progress is so remarkable, alike in the net 
working efficiency obtained, the size of the individual I 
boilers made possible, and the use of the most modern 
methods of scientific control of tho working of the 
boiler plant, practically frinn a distant .switchboard, 
that something like a revolution in .s’ttjam praetke 
has undoubtedly been effected. 

In view of the importance of efficient .steam geiienition, 
both in pow^r station work and from the n.ni tonal 
point pf view, the most serious consideration in Great 
Britain of the whole question of pulverized fuel is, 
in the author^s opinion, imperative. 

In the present paper the author ha.s endeavoured 
to give a survey of the latest developments in the u,hi? 
of pulverized fuel for steam genenition. On account 
of the somewhat controversial nature of the wliole 
question and the great difficulties in the way of c<imparing 
two entirely different systems of firing, i.<*. pulverized 
uel and mechanical stoking, because of almost endless 
complications due to load factor, price and quality of 
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fuel, fiuctuaiions in steam demand, aiul varying rates for 
labour, all td which cloud the issue, the autluir has 
bastfd the paper on the performance of one definite 
pulverized-fuel idaiit, that of the Lakeside statum, of 
the Milwaukcit Electric Railway and Light Company, 
on Like Michigan. 

This plant Is in tlie first place ilie pioneer modern 
large steam-general ion plant fired with pulverized 
fuel, and it has the advantages- from the point of vu^w 
of the power station engiuetu* -that it is a geiuTating 
; statkm of very large? size, viz. 40 000 k\V, which has 
b(»en running nearly three years, whilst the most elaborate 
records, almost unique in tludr thoroughness, have 
been taken of every detail of the performanci?. Also 
it is what wtmld Ik? termed to day a 'M<nv<apacity 
and *'cumlrar' ptdverizetl-fnel plant, which is to the 
adviuilage of mechanical stoking in the comparison, as 
distinct from high-capacity plants, such as those at 
(.‘aht^kia, CTevehind, Vilry, and Trenton t!hanuel. 

With regaril to l^akt^skh?, the autlu^r has lieen given 
the tjpportimily by Mr. John Anderson, the chief engi¬ 
neer, through the kindness of Mr. W. K. Wood, managing 
diniclor of the Uiiderfeeii Stoker Co., Ltd., of study¬ 
ing tlie remarkable records obtained at this station. 
They indude not only the effichuiLy of the plant and 
the exact cost of drying, pulverizing, and gmicrally 
preparing the fuel, together with the wages bill aiul 
the repair and maintenance costs, but, in additirui, 
oven such difficult items as the actual amount vxctm 
air required in the combustion. All these different 
figunts havit not hitherto been pnlfiished tinder one 
heatl, and together they give rdial.ile and extensive 
data on tho iierforniance of pulverized fuel (as applied 
to steam generation under giv<jn definite Cimdiitous) 
of a kind that has not before been easily availalfie. 

The author has not inchtdcsl any refen.mce uf iin- 
porlanct? to the so-called unit sy.stmn of pulverized- 
fuel firing, in which each boiler has a sepafale self- 
contained pulverizer, stjparatorH and feeders in one 
machine, bijcause in the first place this is more 
applicable to smaller Ixnlor plants and not so much to 
large power station work, and secondly, authentic data 
as to prolonged performance do not appear to lx? 
available, Sitnilariy ho has nrd. discussed tho various 
different systems of pidvorizetl fuel on the so-called 
contra!" sy,stem (preparing the coal at some cciffral 
position and supplying the different burners) lieeaime 
he feels that a better conskloration will be obtaiucid by 
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confining attention to what is actually being accom¬ 
plished on. certain large power-station boiler plants. 

The paper gives first of all a sketch of the early history 
of pulverized fuel, followed by a brief account of the 
position to-day in the United States with regard to the 
use of pulverized fuel for steam generation. Since 
the whole position in this respect has been changed by 
the starting up of the Lakeside station in December 
1920, the author has considered in some detail, after a 
brief mention of the general principles of pulverized- 
fuel firing, the general opinions of the relative advantages 
and disadvantages of pulverized fuel for steam generation 
held prior tod920. Following this a detailed descrip¬ 
tion of the actual plant at Lakeside, in addition to 
the mention of several other plants, is a convenient 
method of discussing the modem principles of pulverized 
fuel which have led to such an enormous development 
during the last three years. 

The greater part of the paper is then taken up with 
a consideration, step by step, of the actual results 
obtained at Lakeside, and in a number of cases also 
on other large pulverized-fuel plants, as compared 
with modern mechanical-stoker practice, Dalmamock 
power station, Glasgow, being taken as typical of the 
best class of British station. Such a consideration, 
of course, covers a very wide field, but the author 
trusts that the importance of the subject ^vill be con¬ 
sidered ample justification. 

The History of Pulverized Fuel. 

The idea of using coal in a finely pulverized condition 
for combustion as fuel, and also in carbonization and 
total gasification processes, is of very ancient origin. 
Pulverized coal was apparently first experimented 
with somewhere about 1820, but the work was kept 
secret and the results obtained are not known. 

. One of the earliest patents on the subject was that 
of J. D. Whelpley and J. J. Storer, both of Boston, 
Mass., U.S.A., whose British patent is 1471/1866, 
in which essentially ’pulverized coal was to be used by 
being fed into and over furnaces as an aid to hand- 
firing. The patent is entitled : ** A novel application 
of fuel and of the fluxes or reducing agents used in 
metallurgic processes and consists in employing fuel 
and fluxes in a finely divided state and feeding them 
into the air blast of a furnace or fire box so that they 
may be floated on the blast during their consumption 
and thus generate their heat and perform their reactions 
at the working point by this means, giving great economy, 
more jperfect results and better control over the operation 
in which the fuel is employed. ‘ The invention is equally 
applicable to furnaces for metallurgic operations and 
to fire boxes where the auxiliary blast is used.^’ 

Whelpley and Storer thoroughly understood the 
importance of the intimate contact of the fuel 
the air, or the ore and the reducing agent, as obtained 
by pulverizing, and they used for the supply of pulverized 
fuel or other material a fan-blower arrangement, con¬ 
sisting essentially of a revolving cylindrical brush 
to supply both the fuel and the ^ at the same time. 
The process was intended to apply more to the reduction 
of ores, but pulv€dzed-coaJ burning is also very speci¬ 


fically mentioned, although a later pg^tent (1493/1866) 
relates to the use of pulverized ores only. 

The first man, however, to investigate thoroughly 
the whole question-of pulverized fuel from many aspects 
would appear to have been T. R. (Srampton, of 
Westminster. Crampton took out a considerable 
number of patents on a great variety of subjects, such 
as special roadways and the construction of forts, 
and his first pulverized-fuel patent, a very long one, 
is 2039/1868. A portion of this patent covers the 
process of grinding coal in ordinary millstones but 
using a blast of air between the stones to remove the 
finely ground material as it is formed, wliilst at the 
same time keeping the stones cool, and secondly, using 
the same fan to discharge into the furnace the pulverized 
coal mixed with air. The patent also includes the idea 
of burning a mixture of pulverized coal and air by passing 
them in a zigzag course between the extended surfaces 
of a heated firebrick furnace chamber, so as to aid 
the combustion, while another idea was to use in the 
bottom of the combustion chamber molten iron, molten 
slag or other molten material further to aid the com¬ 
bustion. 

Crampton then took out another very voluminous 
patent (3604/1869) on pulverized-coal burning, con¬ 
sisting chiefly of numerous modifications of Ids previous 
patent 2639/1868, but especially from the point of view 
of causing different streams of pulverized coal and 
air to mix so as to ensure better combustion. The 
degree of grinding used was not very fine, the powder 
passing through a 30-mesh screen (30 holes per linear 
inch s= 900 holes per square inch) for 'Ordinary bitu¬ 
minous coal, but for anthracite or coke he suggested 
^0-80 mesh screens, and he also used in the most 
ingenious manner the principle of regenerating the 
heat, supplying for combustion air heated by coils 
in the hot exit gases. 

Further remarkable ideas contained in Crampton’s 
patents included a special bridge wall sloping in such 
a manner as to reflect the streams of air and burning 
fuel at an angle in order to secure still better mixing, 
and a highly ingenious arrangement of equal coal 
feed across the width of the furnace by means of air, 
^eluding primary air to convey and mix with the coal 
and secondary air to complete the combustion. Various 
later patents of Crampton's in connection with the 
burning of pulverized coal were 2606/1870 and 931/1871, 
chiefly inr connection with various special furnaces. 

Cr^pton also took out a patent in 1872 for the 
continuous carbonization of coal in a pulverized con¬ 
dition, by grinding the coal to a fineness of all through 
a 30-mesh screen and allowing it to fall continuously 
down a very high vertical cylinder, the Outside centre 
portion of which was heated by a gas-fired, endreUng 
combustion chamber, so that the coal was carbonized 
almost instantaneously, the coke, in a fine powder, 
accumulating at the bottom and the gaseous and 
volatile products escaping at the top. Here again the 
details of the continuous coal feeder, the method of 
distributing the coal evenly throughout the fall, and 
the automatic removal of the coke dust ''in-step*' 
with the admission of the coal, are all on the most 
ingenious principles. This idea of the carbonizaiion 
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of pulverized coal has been allowed to lie dormant 
for over half a century and is only now occupying serious 
attention for low-temperature carbonization. It is 
evident that Crampton possessed an* astonishing grasp of 
the whole of the principles and possibilities of pulverized 
fuel burning as applied not only to steam generation 
but also in connection with many t 5 rpes of furnace, 
especially such as are used in the glass, and steel 
industries. ♦ 

In spite, however, of this remarkable pioneer work 
and many other patents which followed, pulverized fuel 
made no headway at all, chiefly because the necessity of 
drying the coal was not realized, but also owing to the 
lack of modem ‘ types of grinding and pulverizing 
machinery, to the fact that the fuel was not pulverized 
to a sufficient extent, and to the difficulty of controlling 
the flame. The first commercial application of pul¬ 
verized fuel was in the cement industry, and it is stated 
to have been used originally in this connection in Great 
3ritain in 1884, although the evidence in support of 
this is not conclusive. In the United States, which 
may justly be stated to be the home of pulverized fuel, 
the first large-scale application in the cement industry 
was in 1894, when Hurry and Seaman used it at the 
works of the Atlas Portland Cement Co. 

Shortly after tlxLs time pulverized fuel began to 
be used regularly in America for the manufacture of 
cement, and to-day approximately 90 per cent of the 
cement output of the United States is produced with 
the aid of such fuel. Also various other industries, 
especially in connection with iron, steel and glass, 
have adopted this method of firing for furnace work, 
and at the present time altogether probably jover 
30 000 000 tons of pulverized coal per annum ^e 
being used in America. As far as the British cement 
industry is concerned, the first rotary kiln with 
pulverized fuel seems to have been started up in 
1901 at Swanscombe, and to-day also over 90 per cent 
of British cement is made with pulverized fuel. 

With regard to steam generation, with which this 
paper is most directly concerned, pulverized fuel had 
made remarkably slow progress until a few years ago. 
It was first experimented with seriously for locomotive 
firing in about 1900 by the Manhattan Elevated Railroad 
in the United States, but the experiments were 
abandoned. Since then, however, various American 
railways have investigated the subject, several of them 
on quite a large scale. The work was stopped by 
the war but has since been resumed, and, as is well 
known, extensive developments in the application of 
pulverized-fuel filing to locomotives are now taking 
place in Brazil. 

In stationary, land boiler plants the same slow 
progress obtained. Naturally, the use of pulverized 
coal in the cement industry led various cement 
works to experiment with this method of firing on 
their own boilers, and in 1901, for example, the Alpha 
Portland Co., and in 1902 the Lehigh Portland Cement 
Co., tried pulverized coal on water-tube boilers. The 
efficiencies obtained were generally extremely good, 
but for some reason or other, whether practical 
difficulties or merely lack of interest, the work was 
not followed' up and practically nothing was done in 


the cement industry in the United States to use 
pulverized coal for steam generation until 1917 or 
1918, when the Ashgi*ove Lime and Cement Co. adopted 
it on Heine water-tube boilers. igAltogether there was 
little real application of pulverized fuel to steam 
generation in the Unifed States before about 1913. 

In Great Britain the principle has made practi¬ 
cally no headway at all. It is believed that the 
British Admiralty have experimented with it, and 
for some years a few Bettington vertical boilers, fired 
with pulverized coal, were in operation. Even to-day 
there is, so far as the author is aware, only one large 
boiler plant in Great Britain—at t^Hammersmith 
electricity supply station—^running on pulverized fuel, 
and he understands that 3 boilers, evaporating approxi¬ 
mately 45 000 lb. of water per hour, are now in operation 
witli very satisfactory results. There is also the new 
installation at Peterborough of '' unit" pulverizers 
on two medium-sized boilers (25 000 lb. evaporation), 
and one or two small boilers have been equipped for 
experimental purposes, whilst general furnace work is 
also disappointing. 

In tire United States a fair amount of progress was 
made between, say, 1914 and 1920 with pulverized 
coal for steam generation on moderate-sized industrial 
plants. Thus some of the earliest American boiler 
plants to adopt pulverized fuel were the M.K. and T. 
Railroad boiler plant of a total of 84 260 h p. (American) 
at Parsons, Kansas; the Puget Sound Electric Light, 
Heat and Power Co. at the Western Avenue station 
with a 4100-h.p. (American) installation; the American 
Locomotive Co. at Schenectady; the Sizer Forge Co. 
of Buflalo; the Susquehanna Collieries; and the 
Atlantic Steel Co. 

Previous to* 1918, as already stated, these plants 
were moderate-sized industrial installations and did 
not include any power stations. A list of prominent 
installations equipped from 1916 to 1918 showed boilers 
varying from 100 to 600 h.p. (American) mostly in plants 
of 1—10 boilers. The results obtained on some of these 
plants were very good, especially as regards efficiency. 

Many engineers had also pointed out the advantages 
of pulverized coal, for example F. A. Scheffler and 
H. C. Bamhurst in their paper on '' Pulverized Coal 
for Stationary Boilers,'* read in June 1919 before the 
American Society of Mechanical Engineers, but still 
the principle made slow progress, chiefly because of 
the difficulty of solving the problem of the maintenance 
of the furnaces. Much the same state of affairs existed 
in France and Germany, where a limited number of 
plants were at work. 

The position as regards steam generation was, 
however, entirely altered by the final perfection of 
the Lppulco system of pulverized fuel and its successful 
adoption on a very large power-station plant, the 
Lakeside station of the Milwaukee Electric Railway 
and Power Co., the first section of 40 000 kW of which 
was started up in December 1920. 

The remarkable success of the installation has 
quickly effected a revolution in the position of pulverized 
fuel for steam generation, and to-day, in the short 
space of three years, some of the largest and most 
noted power stations in the . world have adopted it. 
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The Present Position of Steam Generation by 
Means of Pulverized Fuel. 

The majority of Bpwer station engineers in Great 
Britain do not perhaps realize the extent of the applica-. 
tion of pulverized fuel to steOm generation in the 
United States, especially to power station work. In 
many cases, for example, the impression would appear 
to be that pulverized fuel is merely a fad, and in any 
case a matter for cautious experimenting for months 
on end with one boiler at a time, to test it and find 
out its faults. For this reason, therefore, a few facts 
as to the real ^tuation will not be out of place. 

The boiler-plant installations in America, in addition 
to Lakeside, now running on Lopulco pulverized fuel 
include the West Pennsylvania Power Co. of Springdale, 
Pa.; the St. Joseph Lead Co., Rivermines, Mo.; the 
Lima Locomotive Co., Ohio; and the Allegheny Steel 
Co, of Breckenridge, Pa. Also, the well-known River 
Rouge plant of the Ford Motor Co. at Detroit has 
boilers of 26 470 sq. ft. heating surface, fired with mixed 
pulverized coal and blast-furnace gas, having a normal 
evaporation of about 220 000 lb. of water per hour from 
and at 212® F. with 276 000 lb. reasonable overload. 

About the 3a[uddle of tliis year (1923) the number 
of large boiler plants in operation in America on the 
Lopulco system was nine, comprising 43 boilers with 
a total heating surface of approximately 360 000 sq. ft. 
Probably about 300 000 sq. ft. of this is in operation 
at one time, which at the very moderate figure (low- 
capacity plant) of 0-76 lb. of coal burnt per sq. ft. of 
heating surface per hour (6*60 lb. of water evaporated) 
corresponds to, say, 120*6 tons per hour or something 
like 860 000-1 000 000 tons per annum, equal to, say, 
47 standard 60 000-lb. boilers in constant operation. 
Probably over 2 000 000 tons of pulverized coal have 
so far been burnt on the Lopulco S 3 rstem. 

The position in this respect will, however, be entirely 
altered almost within the next few mbnidis, At the 
present time (October 1923) 29 different plants are 
being equipped. In addition to the doubling of the 
River Rouge plant (four more boilers each of 26 470 
sq. ft. heating surface being added), the Ford plant 
in Canada is in the course of conversion ; the Lakeside 
station is also being doubled (8 more boilers each of 17 600 
sq. ft. being added); the first section of 8 boilers of 
17 800 sq. ft. each are being erected for the Union 
Electric Co.'s new Cahokia power station for St. Louis 
(to be eventually 300 000 kW); the Cleveland Electric 
Co. are installing 4 boilers each of 30 600 sq. ft. heating 
surface (the largest boilers in the world, wdth a normal 
evaporation of 300 000 lb. per hour); the Union d'Rlec- 
tricit6 are equipping 4 boilers each of 16 678 sq. ft. heat¬ 
ing surface at Vitry (Paris); and the United Electric 
Railwa37S plant at Rhode Island is also being fitted 
with 3 boilers each of 12 600 sq. ft., whilst most recently 
the Duquesne light Co. are installing five 26 600-sq. ft. 
boilers at their Colfax station, and the Detroit Edison 
Co. six 29 600-sq. ft. boilers at the New Trenton Channel 
station.^ 

The total boiler heating-surface of these 29 boiler 
plants (comprising 91 boilers), now being equipped with 
Lopulco pulverized fuel is approximately 1 400 000 sq. ft., 


corresponding to a coal bOl—calculated as before—of 
about 386 tons per hour, or approximately 2 696 000 tons 
of coal per annum, equal to, say, 142 standard 60 000-lb. 
boilers in constant operation. This will make a total of 
3 400 000 tons of pulverized coal per annum, or nearly 
half the power-station capacity of the whole of the 
United Kingdoin. 

It will be agreed, therefore, that whatever may be the 
advantages and disadvantages of pulverized fuel for steam 
generation, it has long since passed the experimental 
stage, and what may be termed all the main problems 
and difiSculties have already been solved in America. 
Obviously the simplest method, therefore, for a British 
power station engineer is not to experiment himself, 
but to save time by visiting the United States and 
inspecting the position on the spot so as to take advantage 
of all the accumulated experience that is to be. had for 
the asking. 

The General Principles of Pulverized Fuel. 

The general principles of pulverized-fuel practice are 
already fairly well known, so that it will only be 
necessary to give the briefest outline of them. 

The coal is first crushed and then passed over a 
magnetic separator to get rid of any accidental particles 
of iron which would cause damage to the pulverizers. 
The crushed coal is then dried, first of all to enable 
the pulverizers to work efficiently, but also because 
the pulverized fuel in a very diy state is perfectly 
" fluid," and the ease with which the material may 
be conveyed, controlled, and mixed with air is increased, 
whilst the speed and temperature of ignition of the 
pulverized material are greatly increased. The degree 
of drying is a matter of opinion and will be discussed 
la?:er in the paper, but the modem practice with pulverized 
fuel is to dry it so that it contains not more than 
2 per cent of moisture, and preferably 1-2 per cent. 
The " unit" system of pulverizing, however, is stated 
to handle undried coal so long as the moisture content 
does not exceed 10 per cent. 

In general, damp coal "packs" in the pulverizer 
and greatly increases the horse-power required, whilst 
reducing the output. Thus, in an example mentioned 
by Mr. Cecil F. Herrington of a pulverized-coal plant 
of the Bethlehem Steel Co. of a capacity of 136 tons 
of coal per 24 hours, the coal contained 6 per cent of 
moisture, but if used in this condition the output of 
the pulverizers was reduced 20 per cent as compared 
with dried coal with 1-2 per cent of moisture. Dried 
coal also has the advantage that it is less liable to 
spontaneous combustion and there is no tendency to 
stick in the conveying pipes or pulverized-fuel bunkers, 
so that drying to less than 2 per cent of moisture is 
altogether a paying proposition. 

The dried coal is then pulverized in ball mills, and 
here again the exact degree of treatment to which the 
coal is subjected is a matter of opinion. To-day, 
however, rough average practice as regards the fineness 
of the material is that about 90 per cent of an average 
sample must pass through a 100-mesh screen (100 
holes to the linear inch, 10 000 holes per sq. in.) 
and 66 per cent through a 200-mesh screen, but much 
depends on the quality of the coal. Excessively fine 
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grinding, however, such as 86 per cent through a 200- 
mesh screen, is not now as a rule necessary under 
modem conditions.* The pulverized coal is then mixed 
with a certain amount of air and burnt in burners. 
These are of three general types which may be defined 
roughly as follows :— 

(1) Natural-draught bui*ners, in which the pulverized 

coal is taken into the furnace by tlxis means 

only. ^ 

(2) Mechanical coal-feed burners, using revolving 

fans or brushes. 

(3) Compressed-air burners, using air under pi'cssure 

to blow the fuel into the furnace. 

The modern burner is also so arranged that the air 
is only mixed in any quantity with the pulverized 
fuel very near to the burner itself, partly because the 
mixture is explosive, and also so as not to cause any 
separation of the heavier fuel from the air and give 
a miixture of uneven strata for combustion, as would 
be the case if the mixed fuel and air had to travel a 
long distance: A good type of burner gives less than 
3 per cent variation in the air-fuel mixture at any portion 
of the travel. 

Advantages (up to 1020) of Pulverized Fuel for 
Steam Generation. 

As already stated, the position with regard to 
pulverized fuel has entirely changed since 1920, from 
which date the experience gained by the burning of 
several million tons of pulverized coal, mostly in large 
plants and uuder the latest conditions, has considerably 
altered many of our previous ideas on the subject. 
The general opinions up to 1920 in Great Britain as to 
the advantages and disadvantages of pulverized fifel 
as compared with mechanical stoking, some of wliich 
contradict one another, can be summarized as follows, 
and it may be stated also that Great Britain lias not 
been very well informed on the matter during the past 
few years. 

(1) High hoiler-plant efficiency .—It has long been 
admitted that pulverized fuel, from the point of view 
of efficiency of steam generation, gives results far 
superior to any method using coal in the ordinary 
way, whether crushed or in the lump condition, and 
with either hand or mechanical firing. The chief 
reason for this was known to be the extremely intimate 
mixture of the air and the finely divided fuel, so that 
a very much reduced amount of excess air over the 
theoretical is requhed. It was contended by some 
advocates of pulverized fuel that the figure for excess 
air was only about 20 per cent above that required 
by theoretical conditions, as compared with 60 per 
cent for very good plants with mechanical stoking. 
Consequently, fuel in a pulverized condition burns 
smokelessly with about 17-18 per cent of COg, no CO, 
and such an intense heat, with maximum radiation, 
that one of the problems has long been to get the 
brickwork to withstand it. In a general way it was 
stated also that 82J—86 per cent boiler-plant efficiency 
was to be obtained, with a saving of 20-26 per cent in 
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the coal bill as compared with mechanical stoking, 
always provided that various other difficulties could 
be surmounted. As examples of individual opinions, 
Mr. N. C. Harrison of the Atliintic Steel Co. stated 
that the boiler-plant efficiency obtained was 86*22 
per cent with a very^large plant of 100 tons of coal 
per 24 hours, as against 78*04 per cent for mechanical 
stokers, without deducting the auxiliary power used 
in either case, and Scheffler and Bamhurst, in tlieir 
paper read in 1919 before the American Society of 
Mechanical Engineers, gave a list of 18 ordinary industrial 
boiler plants fired with pulverized coal, in which the 
efficiency obtained varied from 72*7 t(?*85 per cent. 

(2) Complete combustion in the ash .—One of the 
reasons of the greater efficiency was also the univci*sally 
recognized fact that pulverized fuel gives complete 
combustion, as i>roved by the very fine ash resulting, 
whereas with practically every form of mechanical 
stoking there is a loss due to unburnt and partially 
burnt fuel in the comparatively large masses of ash 
and clinker and to the ridclliugs, i.o. fuel falling between 
the portions of the furnace. 

(3) Absence of moisture in the coal when burnt ,—^The 
fact that pulverized coal was burnt with only about 
1 per cent of moisture, and certainly not over 2 per 
cent, was also agreed to be an advantage, since the 
temperature of the flame is not reduced, by having to 
evaporate a comparatively largo volume of water in tlic 
fuel. 

(4) Ease and convenience of trmisport in the boiler 
house .—^Pulveiized fuel has semi-liquid properties and 
can be blown with the greatest ease for great distances 
through small-bore pipes bent round corners in almost 
any fasluon. 

(6) Great flexibility as regards the variety of coal 
that can be burnt .—It was also generally agreed that 
pulverizcd-coal firing is much more flexible as regards 
the variety of coal that can be burnt. For example, 
the principle of grinding the coal extremely fine obviated 
clinkering difliculties, so that coals with a high ash 
ox sulphur content could be burnt efficiently, whereas 
it was almost impossible to consume them in many 
types of mechanical stoker. The advantages in this 
direction were certainly not realized to the full extent, 
especially in the case of a very large power station 
in which there is almost always quite a considerable 
variation in the quality of the coals used, often within 
a few hours. Finally, an important advantage recognized 
was that pulverized fuel works perfectly in conjunction 
with oil fuel and any gaseous fuel such as blast-furnace 
gas or coke-oven gas. 

(6) Greater flexibility in steam output .—^Another 
advantage claimed was greatly increased flexibility of the 
steam output of the plant, it being possible to take 
an enormous overload, often as much as lOO per cent 
in an emergency, whilst the firing could be started up 
or shut down in a remarkably short space of time. 
Another very important point is that, in contra¬ 
distinction to tlie case of mechanical stoking, these 
fluctuations result in comparatively little difference in 
efficiency. 

(7) Reduced stand-by and banking losses .—In conse¬ 
quence of this greater flexibility in steam output, 
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banking and stand-by losses, a serious item in many 
mechanically-fired plants with erratic steam demand, 
are automatically eliminated to a very great extent. 

(8) Much greater %ase of scientific control ,—It was 
regarded as a minor advantage of pulverized fuel that 
it lent itself to a much more Efficient control of the 
working of the plant, since a current of air and pulverized 
fuel through pipes is obviously much more simple to 
adjust, control and measure than is the fuel in the 
case of mechanical stoking. The real advantages in 
this direction were, however, hardly realized. 

(9) Reduced labour costs ,—^Another advantage gene¬ 
rally claimed jyas a net saving in labour as compared 
with mechanical stoking, although in the majority of 
cases this does not seem to have been based on any 
very conclusive data. Mr. N. C. Harrison, however, 
in ^e case of the Atlantic Steel Go. already mentioned, 
gave the pre-war labour costs, at the rate of $0*365 
per hour, as approximately $0*195 per ton at 90 tons 
per 24 hours, or $0*176 at the full output per 24 hours— 
a very low rate. 

Disadvantages (up to 1920) of Pulverized Fuel 
FOR Steam Generation. 

It may be stated in the first place that the disadvan¬ 
tages given are in some instances exaggerated, and were 
in many cases due to defective plant and lack of Imow- 
ledge. 

(1) Power consumption in the preparation of the fuel ,— 
It was considered that one of the chief disadvantages 
of pulverized fuel was the excessive cost of preparing 
the fuel, that is in handling, crushing, drying and 
pulverizing, particularly the power required by the 
pulverizers. Great differences of opinion, however, 
existed’ on this point. For example, R. Trautschold 
in 1917, for a 50-ton plant per 24 hours, with coal at 
$3 per ton, stated that the figure was 43 per cent 
of the cost of the coal, including 13*25 per cent for 
equipment, 6*76 per cent for drying, 20 per cent 
for pulverizing, and 4 per cent for conveying. 

Some figures in Mr. L. C. Harvey^'s report in 1918 
gave for this particular year a total average cost of 
pulverizing per ton for a 60-ton plant per 24 hours of 
$0*68 (2s. 6d.), for a 100-ton plant $0*51 (2s. Ijd.), 
for a 160-ton plant $0*48 (2s.), and for a 200-ton 
plant $0*46 (Is. 10|d.). These figures do not include 
interest and depreciation or the cost of conveying the 
coal to the furnaces, and have been converted to 
English rates of wages, lOd. to Is. 3d. per hour, being 
based also on coal containing 7 per cent of moisture 
at $6 (£1 Os. lOd.) per ton delivered, 6 lb. evapora¬ 
tion per lb. of coal burned, repairs at 7 cents per ton, 
and power 12*7 cents (6*35d,) per ton pulverized. The 
figure of 6 lb. evaporation is, however, presumably 
a misprint. 

In the same report are given, however, some specimen 
examples of plants with American prices, including 
ihter^t and depreciation during the 1918 period (when 
prices were high), as follows: A plslnt of 80 tons per 
day in which the total cost of pulverizing was $2*21 
(9s. 2|d.) per ton, the cost of another similar plant 
being $2*34 (9s. 9d.), whilst a plant of 30 tons averaged 
$1*489 (6s. 2*45d.) per ton, and a large 150-ton plant 


$0*772 (3s. 2^d.) per ton. It is also stated in the 
report that the average cost of drying the coal was 
equivalent to the cost of 20-30 lb. of coal per ton, or 
0*90-1*30 per cent^f the amount dried under average 
conditions, the final exit temperature of the coal being 
not over 260® F. 

Mr. Harrison, in regard to the plant already mentioned 
as giving 86*22 per cent efficiency with pulverized coal, 
states liiat the total cost of preparation of the fuel 
was equivalent to 6 per cent of the cost of coal consumed. 

Obviously the amount of moisture in the coal, which 
may bo anything from 1 to 20 per ‘cent, and tiie size of 
the installation play an important part, but in general 
it was maintained that this figure of the cost of pre¬ 
paration of the fuel from the lump coal to the burners, 
and including the cost of the fine ash disposal, was 
far greater than that of mechanical stoking, the crushing 
and handling of the coal, the driving of the stoker, the 
mechanical draught and the working of the mechanical 
ash conveyers. 

(2) Cost of wear and tear and breakdowns ,—Another 
disadvantage regarded by many engineers as inherent 
in pulverized fuel, althougli usually on scanty grounds 
as regards actual data and experience, was excessive 
wear and tear on the preparation plant generally, 
together with risk of breakdowns, not only in the 
pulverizers but also in the pipe circuits and at the 
burners. It was a general opinion that coal could not 
be pulverized continuously*' in huge quantities without 
incurring an extensive repair bill, and the wear and 
tear and the risk of breakdowns were regarded as being 
far in excess of those obtaining with mechanical stokers, 
even including the mechanical handling and (if neces- 
s^y) cruslnng of the ash and clinker. 

As a typical individual opinion, N. C. Harrison gives 
the total cost of repairs on the Atlantic City steel 
plant, dealing with 100 tons per day, as $1002*47 
for 2 months' running, 6 275 tons of coal being pulver¬ 
ized, corresponding to $0*190 per ton. 

(3) Deterioration of the furnace linings ,—^Another of 
the chief objections to pulverized fuel was stated to 
be tlie excessive wear and tear and deterioration of the 
firebrick linings as compared with those in the case of 
mechanical stoking, due to the intense heat of the 
combustion, so that in many cases it was impossible 
to work the burners at their ma^mum efiSLciency, i.e. 
17 to 18 per cent of CO 2 , because the brickwork would 
not withstand the conditions, although obviously the 
higher the temperature the more efficient was the com¬ 
bustion. A minor defect in this connection was also 
stated to be the sand-blast action pf the fine hot ash 
on the brickwork. 

(4) Damage to the boiler ,—Some engineers also claimed 
that pulverized-fuel firing was apt to cause damage to 
the boiler because of what they regarded as intense 
local heat. 

(6) Dusty and dirty nature of the operations ,—A 
common idea was that the pulverizing of dry coal was 
an extremely dirty, dusty and objectionable job, whilst 
it was impossible to keep the boiler plant in a clean 
condition. 

(6) Absence of proper temperature control ,—In spite of 
the general agreement as to the ease of control in the 
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worldng of pulverized fuel, a number of engineers were 
of the opinion that another disadvantage of such fuel 
was the lack of proper methods of controlling the 
temperature of the flame, so tliat^the amount of coal 
burnt couldf not easily be adjusted to suit fluctuating 
evaporations. This undoubtedly was the case in one 
or two systems of pulverized-fuel firing. 

(7) Danger of explosions .—A very common objection 
to pulverized coal w 5 ^s the fact that it was regarded as 
being much more dangerous tlian the ordinary methods 
of firing, especially from the point of view of greatly 
increased liability to serious explosions. Coal in an 
extremely, fine state of division, particularly if the 
volatile content is high, is a very explosive material, 
as we know for example from the historical coal-dust 
explosion experiments inaugurated by the late Sir 
William Garforth at Altofts Collieries and since carried 
on by the Government at Esloneals. 

(8) Danger of spontaneous combustion .—In this con¬ 
nection an an^ogous disadvantage of pulverized fuel 


was not genei*ally realized until lai’gc installations were 
set to work, was slagging."' That is to say, the large 
amount of ash accumulating at the bottom of the furnace 
chainbei*s becomes molten and forms an incandescent, 
sticky mass, which corrodes and " Iluxes "" the brickwork. 
It is also very diflicuM to handle, particularly as the 
viscosity varies with the quality of the coal. Slagging 
was found to be particularly objecUonable in the case 
of low-grade coals, such as Illinois and Indiana qualities, 
high in sulphur, with a low-melting-point ash, and the 
difficulty is accentuated at high rating. 

(10) Capital costs .—Naturally it is in any case diffi¬ 
cult to give data on tliis point, but, whether justifiably 
or not, the capital cost of a pulvex*ized-coal installation 
was regarded as being considerably higher than that of 
mechanical stoking for the same net duty, which was 
said to be partially due to the fact that it was necessaiy 
for ne<irly all the pulverizccl-fucl plant required to be 
in duplicate because of the liability to breakdowns. 
Further, the space required by the preparation equip- 


Table 1. 

Figures given by N. C. Harrison in regard, to the Atlantic Steel plant. 



Costs pur ton at outputs pur day of 


80 tuns 

90 tons 

100 tons 

Labour at $0*366 per hour . 

Repairs .... 

Power for handling, crushing and pulverizing ... 

Drying 2 - 62 per cent moisture coal at J5.0 per ton (0 per cent) 

* 

0-2200 

0-1000 

0-1340 

0-0218 

5 

0*1060 

0*1900 

0*1340 

0*0218 

$ 

0*1760 

0*11)00 

0*1340 

0*0218 

Total cost per ton 

0*6068 

0*6408 

0-6218 


was the greatly increased liability of the coal to spon¬ 
taneous combustion, especially when containing over 
1 per cent of moisture. For these reasons special 
precautions had to be taken to keep down the tempera¬ 
ture and prevent re-absorption of moisture, whilst not 
more than 6 to 6 ft. depth of coal was allowed in the 
bimkers. On this account also, generally not more 
than 10-16 hours" supply is stored at any one time, 
and the period of storage in any case should not exceed 
three days, , whilst the bunkers have to be designed so 
that the material cannot accumulate in the corners. 
Further, when firqs do start they are extremely difficult 
to put out and flooding has to.be resorted to, 

(9) Ash Viroubles .—^Another series of objections to 
pulverized fuel centred round the ash, which is of 
course in an extremely fine state of division. In the 
first place it was stated that much of this fine ash, at 
least 60-76 per cent of the total ash in the coal, was dis¬ 
charged from the top of the chimney, causing a nuisance 
in the neighbourhood. Secondly, the ash becomes 
molten because of the intense heat, and is blown aU 
over the inside of the boiler plant, not only on the 
boiler tubes and the superheater, but also in the econo¬ 
mizer tubes and flues. Another serious difficulty that 


ment was thought to be excessive, necessitating increased 
cost in land and buildings. 

In the United States the pre-war cost of a 100-ton- 
per-24-hour pulverizecl-coal plant (6 000 kW) was 
stated to be very roughly about |46 000 to $60 000, 
although F. A. Schefficr and H. O. Barnliurst in their 
publications take the cost of a 100-ton plant (6 000 kW) 
as $64 000, or $12*80 per kW, and of a 1 000-ton plant 
as $240 000, or $4-80 per kW. 

Mr. L. C. Harvey in his report of 1918 gives the cost 
of typical pulverized-coal plants complete (including 
buildings), calculated on the basis of British conditions < 
in 1918 (when prices were high), as follows:— 


Tods per day 

• 

Cost of plant 

10 

9 

£ 

46 600 

9 687 

60 

66 600 

11662 

100 

67 600 

14 062 

160 

76 000 

16 626 

200 

93 000 

19 376 

260 

93 000 

10 376 
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In the United States it has been customary for the 
past few years to take for depreciation in connection 
with pulverized fuel, a life of 40 years for the buildings, 
16 years for the old-fashioned rotary driers, and 20 
yeajs for the rest of the plant. Thus on a 100-ton- 
per-24-hour plant the depreciation figure is 12 cents 
net per ton, which seems a small amount. Taxes and 
insurance were regarded as constituting 2 per cent of 
the total capital expenditure. 

(11) Total costs of preparation, —^Finally, as regards 
the total inclusive costs of pulverized fuel, some makers 
of the plant in America are said to have estimated this 
as 10 '36 per ton, although exactly what tjus includes 
is not clear. 

■ Figures given by N. C. Harrison in regard to the 
Atlantic Steel plant are given in Table 1. Taking 
the average figure as |0*64 per ton, this corresponds 
to about 11 per cent of the coal burnt, excluding capital 
charges. 

F. A. Scheffler and H. O. Barnhurst give the total 
cost per ton of coal handled as tO-3975 per ton at 100 
tons per 24 hours, and $0*2976 per ton at 1 000 tons 
in 24 hours, and they estimate the total costs as $0* 6676 
and $0*3896 per ton including interest on capital, 
rates and taxes, and depreciation, taking the capital 
cost of the two plants as $64 000 and $240 000, as 
already stated. 

The Lakeside Plant of the Milwaukee Electric 
Railway and Light Co. 

Before describing this installation, it will be as well 
to state in a few words the essentials of the Lopulco 
system of pulverized fuel. These include the use of 
the water screen, an arrangement of steel tubes in the 
bottom of the furnace chamber, which has done more 
than anything else to solve the practical problems of 
very large-scale pulverized-fuel burning, and through 
which the boiler water circulates so as to cool the 
accumulated ash and prevent slagging, combined with 
hollow furnace walls. The latter are kept cool by a 
current of cold air, and the heated air is then passed 
as secondary air to the burners, which are of the air- 
pressure design, with a special type of automatic coal 
feeder, and on the ** triplex ** principle, the flame being 
directed downwards into a very large combustion 
chamber. Finally the latest type of drier, invented 
since the Lakeside installation, is of a simple vertical 
design through which the coal passes continuously by 
gravity, being dried by the waste hot gases in the 
chimney base, no coal at all being required. 

In 1915 the Milwaukee Electric Railway and Light 
Co. found it necessary to make extensive additions to 
their powey plant and finally planned a new 200 000-kW 
station, the site for which was purchased in 1916 at 
Lakeside, 1 mile south of the southern limits of the city 
of Milwaukee, with 6 000 feet frontage on Lake Michigan. 
It was decided to equip this huge plant entirely with 
the Lopulco system of pulverized fuel, because of the 
very satisfactory experience with this system at the 
old power station of the conipany at Oneida-street, 
Michigan. This latter plant, which is still running^ 
consists of 5 Edgemoor water-tube boilers each of 
468 (nominal) American horse-power, and, on the 


advice of the chief engineer of the company (Mir. 
Anderson), was equipped with pulverized-coal firing in 
1918, after previous tests on one boiler. The result 
was a great success^ although the plant was not built 
for pulverized fuel and the working of the'^system was 
handicapped in various ways, for instance by the 
absence of economizers. 

A very extensive series of tests, each of 17-25 hours' 
duration and spread over 10 months, was carried out 
by Mr. Anderson and also by Mr. H. Kreisinger, then 
of the United States Bureau of Mines, to determine the 
performance of pulverized Illinois and other low- 
quality coal under every possible condition, but par¬ 
ticularly as regards the fineness of grinding necessary 
and absence of moisture required for the most efficient 
working. The net result of the many months' running 
and almost continual testing on the Oneida-street 
plant was to show that with the inferior Illinois coal 
results of 80-20-82 *70 per cent efficiency were obtained 
on long tests with boiler and superheater only, and the 
average efficiency from month to month was 80 per 
cent and over.* It was also discovered, as a result of 
this experience, that it is not necessary to pulverize 
the coal as finely as was previously thought, the average 
figure to-day being—^as already stated—equivalent to 
about 90 per cent through a 100-mesh screen and 
66 per cent through a 200-mesh screen. What is really 
required is uniform grinding, i.e. not so much 85 per 
cent through a 200 mesh and a residue of large 
particles, but, if possible, 100 per cent through a 100 
mesh, when 65 per cent through a 200 mesh is ample 
as a rule. Further, it was early discovered that it was 
not essential to dry the coal down to 1 per cent of 
moisture or less, and that in most cases 2 per cent 
was quite satisfactory, provided the drying was even. 

'Because of difficulties due to the war, a start was 
not made with the Lakejside plant until December 1919, 
but the whole of the present installation was completed 
and running in December 1920, with a duty of 40 000 kW 
(60 000 kW at full output), together with much of the 
buildings, foundations and cooling-water plant for 
200 000 kW, whilst at the present time a further 40 000 
kW is being installed. The whole plant was designed 
entirely by Mr. Anderson and the engineering staff 
of the Milwaukee Electric Railway and Light Co., the 
Combustion Engineering Co. being responsible for the 
pulverized-coal section of the plant. 

The complete installation is divided into four main 
parts, the switch-house, the turbine room, the bofler 
house, and the pulverizing section, the latter being 
108 ft. by 126 ft. and at present equipped for pulverizing 
coal for 80 000 kW, As giving some idea of the size 
of this station, the full 200 000-kW plant" will require 
360 000 gallons of cooling water a minute, or 618 000 000 
gallons per 24 hours, which will be obtained from the 
adjoining Lake Michigan. 

The present boiler plant for 40 000 kW consists of^ 
eight 1 306-h.p. (American) Edgemoor four-pass water- 
tobe boilers, working at 300 lb. pressure and arranged 
in two sections of four each, one section (with one boiler 
as a stand-by). suppl 3 dng one 20 000-kW turbo-generator. 

Powdered Coal under Steam 
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For the full output of 200 000 kW, or 100 000 kW 
normal running, there will thus be 24 iif these boik^rs, 
all fired with pulverized fuel. 

The principal dimensions of egcli btiiler, normally 
evaporating* 90 000 lb. from and at 212^ F. per hour 
and 115 000 lb. overload, are as follows 


Number of tubes high .. .. .. 15 

Number of tubes wid« .. .. .. 2H and 27 

Total number of lubes .. .. .. 502 

Length of tubes .. .. .. .. 20 f<*et 

Diameter of lubes .. .. .. 4 inches 

Number of steam <lruius .. ,» 5 

Total healing surface (»f boiler .. ., 12 OOO s<]. ft. 


The boilem are fitted with Foster .superheaters of 
such a capacity as to heat 90 000 lb, of sttsuu per hour 
from 41FF. (200 lb. pressure) t(j a superheat of 
200 degrees F., i.e, a leinperaiiire of about OIT* 1». 
Each boiler is also lilted with a Slurttfvant east do »n 
economizer installation of 7 002 sep ft. healing surfaee, 
with by-pass connection to the chimney, tin* hied waU*r 
entering the economizers at 140"’F. ami leaving at 
253® F., i.e. being raised through 113 <k*gn‘es b\ aiitf 
saving about 10 jier cent in the coal bill. The primipal 
dimensions of tluj ucomiinizer installation are as 
folIow.s:— 

Number of tubes wide .. . • 12 

Number of tubes long .. ♦. 44 

Total number of tula^s .. .. 52H 

Length df tubes.12 fu<?t 

Outside diameter of tubes .. 4| inches 

It is interesting it) note that this very inothu’ii higli- 
pressure American boiler phmt retains the use of the 
cast-iron economizer. Xu the author's tipinkm, the 
tendency in power statit»n tlesign, especially in Great 
Britain, to use steel-tube ec.ontiiuiz«r.s for over 200 lb. 
pressure is a fundamental mistake, tiitcel will not 
withstand for long the corrtisive action of the Hue 
gases, and the author is convinced thnt the resulting 
excessive wear and tear, breakdowns, and stoppage 
for replacements arc not worth the slight advantages 
of the steel-tube economizer as regards lightness, cdii- 
venience, and the somewhat 1c.s.h space occupied, 
especially since cast-iron ec<inomizers cun be arranged 
to work at any given boiler pressure by installing an 
extra turbine feed pump between the tfcoiiomizcr and 
the boiler. 

The plant is .fitted with a steam-turbinn-drivcii 
induced-draught fan for each boiler, discharging into 
concrete flueS 8 ft. 0 in. high and 11 ft. 0 in. to 18 ft. 0 in. 
wide, leading to two reinforced concrete chimney.H 229 ft. 
high, the diameter at the 1x)ltoin being 16 ft. 6 in. 
and at the top 15 ft. 0 in., th<? main .shell being 5 iti. 
,fthick at the top and 24 in. thick at the bottom* and 
having also, a 4-in. concrete lining for a height of 60 ft. 
As regards boiler feed-pumps, the maximum evapora¬ 
tion of the 8-boiler installation is approximately 029 000 
lb. per hour, the normal figure being, as already stated, 
90 000 lb. per boiler with 0 boilers in operation. 

The feed pumps consist of two 6-m centrifugal 


ptimps, driven by 259di.p. steam turbines and each 
tleliveriiig 39 999 gallons per hour, and two 44n, 
fiigal pumps driven by laOdrp. motors and delivering 
24 099 gallons per hour, so llugi there is the ample 
reserve of (mu* steam-driven pump or two moioiMlrivim 
[unnjm. 'Fhe eondensC^i’ water (at about 89‘’ F.) from 
the turbine ciomlensers is pumpeil to an overhead lud* 
well lank, and falls l,»y ^»ravily through two feed-watei 
heaters, whieli raise its temi»era.ture to a])proximately 
149'!*'. It then passes thmugh a Lea V«iK>teli fetsi- 
wait*!* meter of 899 t)99 lb. per hour capacity, situated 
al.Htv<j the feetl innnps, giving a 15 ft. ^au•tinn laiail. 
It may he slated that the whole pUiiit.i^is so arranged 
that part: af the auxiliaries, e,g. boiler tVed-puin|,s. 
iadueeibtlraught fans, eirnilutiitg pumps, etc., are 
sleam-drivm, the? exhaust steam heiin: usml to hejit the 
feeil wabtr so that it enters tin* eeoiitmtizers at a tern 
peniture well over ItitFF. At tin* saim? time no latent 
luiat is kist, the balance of the steam required ln*ing 
provideil by the house tmbiue. 

‘Hie railway coabears as they enter the plant ate 
dumped by means of a Kohins-Stiherzer rotary ear 
flumper, .tnd ♦lrt»pped into a tmrk hopper with bottom 
sliakm* feedt*is, lit tin! by the Kohins Belt (k). Belt 
ctmveyers (26 in.), with a total ea[>auty of 250 tons 
per hour at a speeil of 259 ft. per min., then convey 
the ts)al over a magnetkt separator to nunove any iron 
particles, ami pass it through a two-roller cnislier ami 
harntmn* mill, where it is crushed to a size, say. all 
through a Jdn. mesh, the capacity of f his cnirhiiig plant 
being 159 tons of mine coal liour. 'Hie crushed 
coal Is then conveyed liy another installatj*m of three 
bi*lt conveyers U> overhead greeiinroal bimkers in the 
pulverizing plant building, emh Mt having a travelling 
trip aiTiuigemerit to enable the coal to be discharged 
at any point as requircil. This green-coal bnukt?r has 
u storage capacity of 3 499 tons, tliat is, 3| days' supply 
ffir maximum tluty on uH Iwnlers, and the mislusl coal 
is taken from here by means of three screw conveyers 
over automatic weighing .sraJes, wliich record ilm dally 
coal cunsumptian of the plant, and d<flivered to another 
set of screw conveyers for conveyance to th(‘ driers. 
It has Imni foiiiul by experience that variation in the 
nmlHinre content is most objectionable, partltmlarly as 
it prevents a regular and controllable flow of the pub 
veri/ed coal in the burners. Ah alreatly siattid, the 
results at Oncula-street show that flrUvStk; tirying down 
to 1 per cent is not alisolutely neetjssary, lint not. over 
2 per cent is certainly preferalih*. The Jictn.*! tirying 
installation at Milwaukee consists of thren separaie 
cylindrical driers each of a capacity of 10 Umn per hour, 
reducing the mtiisture in the lUiimis coal from 19 per tteul 
to 2 per cent. These tlriers are of the improwid donbUs 
shell type, conHlsting of a long, slightly indined, rotating 
double cylinder through which the coal passes by 
gravity, whilst the hot gases from a small furnace are 
passed between the inner and outer shell in opposite 
directions, the amount of coal use<l Ixdng about 1 ptjr cent 
of the total dried from 10 per cent down to 2 per cent. 
This double drier has the mlvantages r»vcr the older 
single-drier type of greater capitcity, increased efficiency 
and, espechilly, freedom from internal fires. 

From the driers the coal is discharged into s<.rew 
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conveyers, which convey it to bucket elevators, these in 
turn passing it on to other screw conveyers to be trans¬ 
ferred to the dried-coal bunkers over the pulverizing 
mills. r 

Since the date of the installation of the Milwaukee 
•plant, the Lopulco equipment hafi^been further improved 
by the invention of a much simpler form of drying plant, 
a small stationary gravity drier which has now rendered 
obsolete the more complicated and expensive revolving 
plant hitherto always used. In this new drier which 
is being installed at the Cahokia plant, St. Louis, and 
the Vitry station, Paris, the crushed coal flows by 
gravity from overhead bunkers through the vertical 
stationary driers underneath. Through these about 
ID per cent of the hot exit gases, diluted with air from 
the boiler plant so that the temperature does not exceed 
215® F., are caused to circulate by means of a fan. 
This is an important feature, since if the temperature 
much exceeds 216® F, a slight volatilization of the 
volatile matter of the coal begins to take place. But 
with a temperature of 215® F. in the drying gas current 
the general temperature of the mass of the coal of course 
does not reach this figure. With the ordinary rotary 
drier the coal is heated to at least 260° F., causing a 
loss of volatile matter. The coal is thus dried as it 
passes straight through to the pulverizers under the 
driers, the speed of the coal travel simply being governed 
by the speed of the pulverizers, the whole operation 
of drying being rendered perfectly simple. 

The two standard pulverizing mills in America are 
the Raymond and the Fuller, which are built in standard 
sizes of 2-6 tons per hour when grinding to 95 per cent 
through 100 mesh and 80 per cent through 200 mesh, 
with average bituminous coal containing less than 1 per 
cent of moisture, although these extreme figures are 
not generally necessary, as already stated. 

The plant actually at Milwaukee consists of 8 pul¬ 
verizers (both Raymond and Fuller types) each with a 
capacity of 6 tons of coal per hour, and driven with a 
direct-connected 100-h.p. motor, pulverizing the coal so 
that about 66 per cent would pass through a 200-mesh 
screen and 90 per cent through a 100-mesh screen, 
each pulverizing mill being also equipped with a fan 
for separating the powdered coal from the contents as 
soon as it has been reduced to a sufficiently fine state. 

It is found by experience that the easy working of 
the pulverizing plant depends largely on efficient drying, 
in the sense of uniform* moisture content, and thus on 
the ability of the drier attendants to dry each different 
quality of coal, from small pieces to dust, after passing 
the crusher, so ths± the amount of moisture continues 
the same. This, however, they soon leam by experience. 
The fan incorporated •with the pulverizers then discharges 
the pulverized coal into overhead cyclone separators, 
where it falls by gravity into a screw conveyer at the 
bottom’of the separator. It is then conveyed to the 
pulverized-coal bunkers, from which it is transferred 
to powdered-coal bins in iiLe boiler house by an air 
system of conveying. This consists essentially of a 
.hopper, high-speed screw, and a delivery nozzle, air 
being supplied at 40 lb. pressure to force the coal through 
snmll pipes. Although otherwise satisfactory,. these 
conveyers were thought to use too much power for 


ideal working, and have since been replaced by screw 
conveyers. 

From the storage bins in the boiler house the pul¬ 
verized coal is conveyed to the burners by special 
Lopulco coal feeders. These consist essentially of a 
heavy cast-iron casing, forming the bottom of the 
pulverized-coal storage bin and containing a cast-iron 
screw feed driven through gear wheels by means of a 
variable-speed motor underneath<eor, in the case of a 
duplex feeder, by a Reeves variable-speed device, by 
which the supply of pulverized coal can be regulated 
instantly as required. This screw conveys the pul¬ 
verized coal to the end of the feeder, where it meets a 
current of air (at a pressure of 12 in. of water) passing 
through the inner wall of an annular orifice, the 
amount of air supplied in this way, to act primarily as 
a conveyer of the coal, being 10 per cent of the total 
required for combustion. At this point also the mechan¬ 
ism includes four agitators or paddles revolving at 
high speed in gear with the screw, so as to mix the air 
thoroughly with the pulverized coal. The mixing is, 
in fact, so intimate that from this 'point the mixture 
of coal and air acts practically as a heavy gas. 

The mechanism of the coal feeder also includes an 
automatic cut-out so that when the air blast is shut 
off from the burners the coal-feed motor is also stopped 
automatically, so as to prevent plugging up the burners 
and pipes with pulverized coal. 

There are several types of Lopulco burner, but at 
Milwaukee the six burners supplied to each boiler, facing 
in a downward direction, are of the heavy triplex 
pa*ttem, composed of three rectangular chambers 
surrounded on four sides by ak ports. Through the 
centre of each inner chamber is a 3|-in. fuel nozzle 
terminating 9| in. from the outlet, so as to give the 
mixture a chance to expand before emerging into the 
furnace, instantaneous combustion resulting on combina¬ 
tion with a supply of secondary air. 

As already stated, 10 per cent of the air for combustion 
is supplied through the burner as a carrier for the coal, 
so that the secondary air amounts to 90 per cent of the 
total. This secondary air passes into the installation 
at the back of the furnaces and then through channels 
in the hollow furnace •walls which it keeps cool whilst 
itself being heated, and enters the combustion chamber 
chiefly through ports or openings in the furnace, front, 

' as well as tlirough air ports in the burner itself. The 
air is heatpd in its passage to various temperatures, 
depending on the portion of the hollow firebrick which 
it has -traversed, but averaging 300® F.-700° F., and the 
supply is regulated by damper mechanism in each of 
the secondary air ports. 

The latest principle, not adopted at L^eside, is to 
preheat also the air conveying the coal from the feeder 
to the burner, this primary air supply being passed 
either through the side w^ls or under the bottom 
of the furnace. This metliod is stated to be particu¬ 
larly valuable in the case of undried coal, sometimes 
used wh^ the moisture content is not over 5 per 
cent. 

This arrangement of hollow air-cooled furnace walls, 
in addition to increasing the efficiency of the combustion 
by supplying heated ak, is claimed to eliminate entiiely 
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all excessive wear and tear on the brickwork, as will 
be discussed later. 

The furnaces are 22 ft. wide and 14 ft. long, whilst 
the combustion space is very larg^, bei^g 25 ft. high 
under the boiler tubes and 22 ft. under the arch. The 
design of the furnace is on the multiple-zone system, 
a feature of the Lopulco installations, in which three 
zones of differing intensity of heat are maintained. 
Just under the arcb» or roof of the furnace is the 
hottest zone of maximum combustion, whilst below 
this is the intermediate zone. The lowest stratum is a 
cooling zone, in which the temperature is constantly 
below that of the fusing point of the ash, chiefly because 
of the design of the secondary air admission. 

In order to prevent any possibility of ** slagging,** an 
essential feature of the Lopulco design is the water 
screen, which cools the ash deposit, whilst at the same 
time the heat extracted is returned to the boiler. Much 
of the practical success of the Lakeside and other 
installations undoubtedly seems to be due, as already 
stated, to the efficiency of this water screen. The 
trouble is not only that the fine ash would otherwise 
fuse with the heat and corrode or flux ** the brickwork, 
but, as previously indicated, a change in the running 
conditions or a slight alteration in the quality of the 
coal causes the corrosive, molten mass to become sticky 
and refuse to flow off the brickwork, i.e. to slag, 
which has been a very serious obstacle to the success 
of pulverized fuel, because of the difficulty of removing 
the pasty, red-hot mass. 

It will, of course, be understood that in some cases, 
both of generating stations and of ordinary power 
plants, coals are available that give no trouble in this 
respect and would work quite well without a water 
screen, but as a rule it is quite impossible to confine tlie 
coal to qualities in which the ash has a definite fusing 
point. 

The water screen consists essentially of a series of 
4-ia. steel pipes in the lower part of the furnace. These 
pipes are an integral part of the boiler itself, being 
under full steam pressure and having the boiler water 
circulating through them, so as to cool the ash. The 
general arrangement is that part of the tubes are 
connected at one end with a header or the water drum 
of the boiler, and at the other' to water boxes at -flie 
bottom of the furnace. From this header, pipes pass 
through the furnace and into another header, from which 
the circulation is continued to the drum or to the front 
header of the boiler. 

The principal dimensions of the water-screen installa¬ 
tion at Milwaukee as applied to each boiler are as 
follows;— 

Number, of tubes in water screen .. 22 

Diameter of tubes .' 4 inches 

Pitch of tubes •. •.14 inches 

Average length of exposed part of tubes 13f feet 
Total heating surface of exposed part of 

tubes.. 320sq.ft. 

Total heating surface of boiler and water 

screen.. .. .. 13 380 sq.ft. 

It is daimed that this water screen has practically 
elinunated slagging, so that a very wide range of fuels 


5 : 

can be burned with any reasonable variation in boiler 
capacity, and enables guarantees to be given of an 
evaporation of 13 *8 lb. of water per square foot of 
boiler heating-surface—a very regiarkable figure. 

Finally, as regards ash disposal, the plant is’ fitted 
with steam ash-ejectors\o handle the very small amount 
of fine ash produced, the ash being taken through 
pipes direct from the combustion chambers and soot 
pits and discharged direct into railway wagons. 

The generating plant at Milwaukee is of course outside 
the scope of this paper, but it may be stated that the 
present installation consists of two General Electric 
20 000-kW, three-phase, 13 200-volt, 60i|^)eriod, 1 800- 
r.p.m. turbines, calculated at 250 lb. steam pressure 
at the stop valve with 200 degrees F. superheat and 
1 in. (absolute) back pressure, the rated power factor 
being 0*8. The auxiliaries for each 20 000-kW turbine 
are one 35 000 sq. ft., 3-pass condenser, one 24-in., 18 000- 
gallons-per-minute circulating-water pump driven by 
a 170-h.p. motor, another identical pump driven by 
a 170-h.p. steam turbine, one condensate pump driven 
by a 60-h.p. motor, one turbo air pump driven by a 
100-h.p. motor, and one steam-jet air pump. Both 
pumps are required during the summer months when 
the water is warm, but only one in winter, and, as usual, 
the load is distributed equally between electrically- 
driven and steam-driven auxiliaries. 

Finally, it is stated that since starting up in December 
1920 the plant has been in continuous operation without 
a single hour having been lost through stoppages, 
although the new staff were not experienced in the 
use of pulverized fuel. 

The New Installation at Vitry. 

In connection with the Lakeside installation it will 
be of interest at this stage to insert a brief account of 
the Lopulco installation that is now in course of erection 
at the Vitry (Paris) power station of the Union d*fileo 
tricit6, wliich will be the first very large, modem, 
pulverized-fuel installation in Europe, as well as 
including the largest water-tube boilers outside tl^e 
United States. The plant consists of four Delauney- 
Belleville-Ladd boilers of 16 678 sq. ft. heating surface, 
each includmg a superheater and having steel-tube 
economizers of 9 684 sq. ft. heating surface, tlie boiler 
pressure being 256 Ib./sq. in. (18 kg/cm^) and the tem¬ 
perature of superheat 662® F. (360° C.), whilst the feed 
water is to enter the economizers at 140® F. 

There is also included for each separate boiler a 
combined unit of one pulverizer with a duty of 6 tons 
of coal per hour, a vertical gravity drier of a maximum 
duty of 8f tons of coal from 10 per cent to 2 per cent 
of moisture, one fan exhauster and trunking^to remove 
by 2 ^ separation the pulverized fuel from the pulverizing 
mills, 6 duplex fuel feeders to supply a regulated amount 
of pulverized fuel to a unit of two burners, and 10 
triplex burners. In addition, of course, there are the 
water screens, hollow air-cooled furnace walls and very 
large combustion chamber on the same general lines 
as at L^eside. 

The guaranteed duty per boiler per hour is 140 680 lb, 
of water from and at 212° F., with a long overload 
period of 4 hours when the evaporation will be 210 870 lb. 
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of water from and at 212® F. This corresponds to 12 800 lb, 
of coal per boiler per hour (normal) and 19 700 lb, 
(overload), the calorific value of the coal used being 
12 600 B.Th.U.’s (higher or gross value), corresponding 
to an evaporation of 10*98 lb. of water from and at 
212® F. per lb. of coal on nonfial load, and 10*70 lb. 
on heavy overload, the guaranteed boiler-plant efficiency 
being 84 per cent at normal load. This is also equivalent 
to a normal evaporation of 8*4 lb. of water (from and 
at 212® F.) evaporated per sq. ft. of heating surface, 
or 12*6 lb. maximum, a very high capacity. 

Finally, the power consumed in the preparation of 
the fuel, includwig handling, crushing, dr3dng, pulverizing, 
air-separating and delivering to the burners, is guaranteed 
not to exceed 19j kWh per ton of coal burnt, equal to, 
say, 1*0 per cent of the steam production of the plant. 
This figure depends, of course, on the efficiency of the 
generators, but in general it may be stated that in 
practice it will be actually less than 1 per cent of the 
steam output. 

A Detailed Consideration of the Performance of 
Pulverized Fuel in Competition with Mechani¬ 
cal Stoking under the most Modern Conditions. 

Difficulii&s of comparison, —^It is somewhat difficult to 
compare the results of a modem pulverized-fuel equip¬ 
ment, such as that at Lakeside, with present mechanical- 
stoker practice from the point of view of a consideration 
of the relative merits in general of the two systems of 
firing. 

The chief reason is that the Lakeside station is run 
on thoroughly modem and scientific lines, both of 
control and costing, but most large power stations in 
the world with mechanical stokers are not operated on 
anything even approaching these efficient methods. 
Thus, in very few power stations—at any rate in 
Great Britain—is there any real idea of the efficiency 
of the steam generation from week to week, nor are 
there even kept any very adequate records of the wear 
and tear and maintenance costs of the various sections 
qf the plant, e.g. the mechanical stokers, the coal- 
elevating and conveying plant or the ash-handling plant, 
whilst practically nothing is known about the variations 
in the steam or power used auxiliary to the production 
of the steam, which may easily correspond to 3-5 
per cent of the coal bill of the whole station, and often 
much more. Thus in many power station plants there 
is not even a boiler-feed meter in use, and, in general, 
little attempt is made to utUize feed meters, steam meters, 
pyrometers, CO2 recorders or other instalments of 
precision on the right lines. Consequently, many of the. 
conclusions arrived at as to the average performance 
of mechamcal stokers are somewhat of a conjecture 
and may be unduly optimistic, 

{!) Efficiency figures, 

{a) The present figures for mechanical stoking, —^It is 
particularly difficult to decide upon an average boiler- 
plant efficiency figure for mechanical stoking under the 
most modem conditions, and to state what advantages— 
if any—^pulverized fuel possesses in this respect. In 
the first place there is np proper boiler-testing code 
or even standard methods of calculating the results. 


The author has considered this matter at length in his 
book on Boiler Plant Testing,” and he will therefore 
merely state that in Great Britain the situation is 
aggravated because what is supposed to be qur standard 
code, that of the Institution of Civil Engineers, is so 
impractical that it is doubtful if anyone has attempted 
to carry out a test strictly according to its recommenda¬ 
tions. The American Mechanical Engineers* code and 
the Continental code, primar^*ly of the German 
Association of Engineers, are certainly better, but 
the utmost confusion exists on all kinds of points, 
such as—^to mention only a few—^whether the heat 
value of the coal is to be taken on the higher or 
lower figure, and, if the latter, what this means precisely, 
whether the auxiliary power is to be deducted in cal¬ 
culating the efficiency, and, if so, exactly what items ; 
and also, if any corrections are to be made for variation 
in the heating value of the fuel over or under a given 
figure. For these and other reasons some confusion 
often exists even as to how the Lakeside figures of 86- 
86 per cent are calculated, and it must be remembered 
that a difference of, say, 3 per cent in the efficiency is 
easily possible, depending on how the various codes are 
interpreted in carrying out the test. 

Further confusion also exists in Great Britain with 
regard to the unscientific American method of using 
the term ” boiler horse-power.” In reading the results 
of American boijer tests it has to be remembered that 
the American ” boiler horse-power ** means an evapora¬ 
tion of 34J lb. of water from and at 212® F. per square 
foot of heating surface of the boiler. This arbitrary 
figure was adopted in 1876 at the Centennfal Exhibition 
at Philadelphia because at tliat time the average steam 
engine took 34j lb. of steam per indicated horse-power. 
Consequently, a ” boiler horse-power ” means an evapora¬ 
tion of enough water per square foot of heating surface 
to give 1 h.p. in the average American steam engine 
of 1876, i.e. 34| lb. A boiler under American standards 
is allowed 10 sq. ft, of heating surface per horse-power, 
so that a boiler at normal Amcsrican rating evaporates 
3*45 lb. of water from and at 212® F. per square foot 
of heating surface, and in Table 7, for example, the 
rating of 137 per cent corresponds to 4*6 lb. of water 
p^ square foot of heating surface. 

Another difficulty is that most boiler tests are carried 
out under what are practically abnormal and freak 
test conditions bearing little or no relation to the 
real everyday running. An efficiency of 80 per cent, 
for example, as obtained on such a test, less than 60 
tons of coal being burnt for a few hours—which per¬ 
formance the majority of power station engineers believe 
applies to their plant all the year round—^has nothing 
to do with the real results (more like fo per cent) 
obtained with the burning of many thousands of tons 
of coal per annum. The point is that as results of 
85-86 per cent are stated to be obtained at Lakeside 
regularly from week to week with pulverized fuel, 
what axe to be taken as the corresponding yearly figures 
(apart from ” official ” test figures) for mechanical 
stoking with the plant performance recorded and cal¬ 
culated as nearly as possible under identic^d high-grade 
conditions? 

The present all-the-year-round boiler-pkmt perform- 
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ance throughout the world, whether by hand or mechani¬ 
cal firing, and including many of the largest power 
stations, is deplorable. The author has carried out 
a large number of boiler-plant tests under actual working 
conditions during the past 15 years. Having referred 
to the results of these tests so often on previous occa¬ 
sions, he will only state that the net result of 400 
separate tests undertaken in 41 different industries 


with the idea that power station boiler-plants arc, in 
general, running at an efficiency of 80 per cent and 
evaporating 9-10 lb. of water per lb. of coal. The 
author's opinion, based also on thp personal inspection 
of about 2 000 boiler plants, with an approximate total 
coal consumption of 16 000 000 tons per annum, including 
very many power station and water-tube boiler plants, 
is that the average figures at present obtained in Great 


Table 2. 

Figures suggested by the Author as Representative Water-tube Boiler Practice {Mechanically Fired). 



Most eflicienC pinnt 
(5 per cent) 

Average plant 
(SG per cent) 

Bad plant 
(10 per cent) 

(1) Duration of test, hours .. 

12 

12 

12 

(2) No. of boilers worldng 

4 

4 

4 

(3) Grate area (total), sq. ft. 

660-0 

560-0 

660*0 

(4) Coal used 

Average 

Average 

Average 

(5) Amount of coal used, lb. 

137 276 

141 040 

139 765 

(6) Calorific value of coal, B.Th.U.'s 

12 000 

12 000 

12 000 

(7) Percentage of ash in coal .. .. . 

10*6 

10-5 

* 10*5 

(8) Coal burned per boiler per hour 

2 859*9 

2 938*3 

2911*7 

(9) Coal burned per sq. ft. of grate area per hour, lb. 

20*4 

20*9 

20*8 

(10) Water evaporated, lb. 

1 081 200 

989 352 

898 656 

(11) Water evaporated per boiler per hour, lb. 

22 525 

20 611 

18 722 

(12) Water evaporated per lb. coal, lb. .. 

7*87 

7*01 

6*43 

(13) Equivalent evaporation from and at 212® F. per lb. coal, lb. 

9-11 

8*12 

7*46 

(14) Equivalent evaporation from and at 212® F. per 1 000 000 




B.Th.y.'s, lb. 

769*2 

676*6 

621*6 

(16) Temperature of feed water before economizers, ® F. 

no 

no 

110 

(16) Temperature of feed water after economizers, ® F. 

225 

196 

No economizer 

(17) Coal bill saved by economizers, per cent .. ^ . 

10*4 

, 7*4 

Nil 

(18) Draught in back flue of boilers, in. .. 

0-30 

0*35 

0*76 

(19) Draught in chimney base, in. 

0-66 

0*50 

()*76 

(20) Temperature of flue gases before economizers, ® F. 

460 

475 

575 

(21) Temperature of flue gases after economizers, ® F. 

260 

200 

(22) Percentage of CO2 in flue gases 

12-6 

6*0 

5*0 

(23) Steam pressure, average, gauge, Ib./sq. in. 

160 

156 

150 

(24) Temperature of saturation of steam, ® F. .. 

370-5 

368*3 

365*9 

(26) Temperature of superheated steam, ® F. 

650-0 

630*0 

450*0 

(26) Steam or power used auxiliary to the production of steam. 


per cent . 

1*6 

2*0 

2*5 

(27) Thermal efficiency of plant:— 



(a) Net working efficiency, per cent 

81*9 

69*2 

61*0 

(b) Heat to boilers only, per cent 

66*8 

60*3 

50 * 9 

(c) Heat to economizers only, per c^nt. 

7*6 

4*9 


(d) Heat to superheaters only, per cent. 

■' «—— ■' —— 

9*7 

6*4 

2^6 


^th 1 613 boilers, mostly of the Lancashire type, and 
burning 3 260 000 tons of coal per annum, was 58 per cent 
net working efficiency, including boilers, superheaters 
and economizers, and deducting the auxiliary steam or 
power used, the individual figures varying from 32J to 
82J per cent. We axe, however, here more directly 
couched with the figmes for water-tube boiler plants. 
In^the first place, the general assumption that water-. 
t^e boiler plants are necessarily giving much better 
effiaency figures than cylindrical boiler plants has 
very little foundation in fact, and is almost on a par 


Britain with water-tube boilers, of an average evapora¬ 
tion of 20 000 lb. of water per hour, can bo classified 
as shown in Table 2. 

That is to say, only 5 per cent of water-tubo boiler 
plants are running with mechanical stokers at an 
efficiency of 80 per cent and over, whilst a reasonable 
average figure for 86 per cent of the plants is about 
70 per cent, and the autlior would say further that in 
opimon these figures are, if anything, on the optimistic 
side. The real state of affairs with regard to boiler- 
plant efficiency is now beginning to be realized. 
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It has been stated, for example, by more than one 
authority in the United States that the efficiency of 
the average modem mechanical stoker-fired boiler- 
plant in America doesmot exceed 66 per cent on regular 
performance, although a few hours^ test on one boiler 
might give results of 76 per cen^, and the fuel-economy 
campaign in the United States during the war revealed 
some astonishing facts. Recent investigations in 
Germany also bear these facts out, and the ^author 
would estimate that of the world’s consumption’^of coal 
of, say, 1 260 000 000 tons per annum, about 600 000 000 


cent, and Mr. Smoot fe^ls that mechanical-stoker makers 
are not being treated fairly in the matter. That is to 
say, they supply a high-grade appliance wliich the 
customer will not work properly, the chief i^j'ouble being 
the failure to adjust the supplies of air and fuel. 

With regard to excess air, it is very difficult to obtain 
authentic figures on this point. The very latest types 
of mechanical stoker are said to operate at 36-37| per 
cent excess, although the average figure is probably 
60-70 per cent, and in the case of Ixand-firing 76-100 
per cent. 


^ Table 3. 

Figures of a 6 Months* Run [August 1^21-January 1922) at Colfax Station, Duquesne Light Co., 

Pittsburgh, Pa. 



August 

September . 

October 

November 

December 

January 

Average 

Hours run . 

Total water evaporated, lb. 

Total coal burned, lb. 

Evaporation per lb. coal, lb. 

Temperature of feed water, * F.^ 

Amount of superheat, degrees b. 

Calorific value of coal, B.Th.U.’s 

Average efficiency, per cent. 

Average rating, per cent .. 

Exit flue-gas temperature, ® F. 

Percentage of CO 3 . 

2 782 

272 779 000 

30 085 600 
9-06 

208 

124 

13 093 

76-4 

154 

466 

9-2 

2 493 

265 373 000 

28 023 100 
9*46 

210 

120 

13 180 

78-9 

167 

400 

9-8 

2 474 

292 355 000 

81 690 300 
9-22 

203 

127 

13 159 

78-0 

187 

465 

9-6 

2 861 

248 858 000 

27 109 300 
9-17 

204 

127 

13 198 

77*2 

167 

467 

10*3 

4 038 

442 550 000 

48 790 600 
9*07 

193 

1.32 

13 283 

76*8 

176 

478 

11-2 

2 894 

313 703 500 

35 911 530 
8*73 

204 

136 

13 377 

77*6 1 

168 

471 

11*1 

2 840 

305 936 741 

33 601 738 
9*10 

204 

128 

13182 

77*5 

170 

468 

10*1 


Table 4. 

Figures of a Typical Month*$ Run [December 1921) at Colfax Station, Duquesne Light Co*, 

Pittsburgh, Pa, 


Average calorific value of coal = 13 283 B.Th.U.’s. Average feed-water temperature = 193® F. 

Average superheah“= 132 degrees F. 


Boiler No. 

Water evaporated 

Coal burned 

Time run 


Average amotmt of 
COa 

Exit gas 
temperature 


lb. 

lb. 

hours 

per cent 

per cent 

•F. 

1 

60 020 000 

6 638 060 

669 

76*6 

9*9 

489 

2 

66 291 000 

6 089 230 

480 

76*9 

12*0 

482 

3 

76 435 000 

8 319 030 

696 

76*7 

10*3 

460 

4 

76 642 000 

8 324 290 

691 

76*8 

11*9 

481 

5 

32 242 000 

3 619 710 

286 

77*6 

11*6 

— 

6 

73 474 000 

8 138 360 

688" 

76*6 

11*7 

479 


70 646 000 

7 761 900 

640 

77-0 

11*0 

481 

Total 

442 660 000 

48 790 680 


• 76*8 

11*2 

478 


tons are used for the one purpose of steam generation 
at less than 60 per cent efficiency, corresponding to an 
avoidable loss of 100 000 000 tons of coal per annum. 

As far as mechanical stokers are concerned, this is, 
of course, by no means altogether the fault of the stokers 
themselves. In a recent paper by Mr. Charles H. Smoot 
before the 1923 Convention of the American mechanical- 
stoker manufacturers, it is pointed out that most 
mechanical-stoker installations of any size in the United 
States will give a boiler-plant efficiency up to 80 per cent 
on test conditions, but that in practice few plants are 
running all the year round with an efficiency of 70 per 


Let us consider, however, the relatively few mechani¬ 
cally-fired power station plants that are "being run on 
the latest methods of control and that keep records 
of the weekly figures. Careful and long-period tests 
carried out, for example, at Connors Creek power station 
in America showed 76 per cent efficiency, and ffie 
Delaware station figures are. 79*7-81 per cent, whilst 
exceptionally detailed tests at the Colfax plant, Duquesne 
Light Co., Pittsburgh, Pa., were given by C. W. E. 
Clarke, who designed the station, in a paper read before 
the American Society of Mechanical Engineers in 
December 1921. 
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The results of 6 months’ run from August 1921 to 
January 1922 are represented in Table 3, wliile Table 4 
gives the details for a particular month (December 1921), 
showing a result of about 76^ pei; cent efficiency, the 
station always being under easy load conditions. 

It is stated that the most efficient mechanically- 
fired power station in America is the Calumet plant 
of the Chicago Edison Company, but the author has not 
been able to ascertain the separate steam generation 
figures. 

One of the most up-to-date power stations in Great 
Britain, both as regards design and equipment, and 
particularly from the point of view of scientific methods 
of control and continuous testing, is undoubtedly that 
at Dalmamock, belonging to the Glasgow Corporation, 
and the author is indebted to Mr. R. B. Mitchell, the 
General Manager and Chief Engineer, for kindly supplyiiig 
the fullest information as to the running of the station, 
and for giving every facility to examine on the spot the 
methods used. The arrangements for continuous testing, 
and the most modern methods of scientific control, 
including the keeping of a complete boiler-house log 
with full daily records, are hardly surpassed by any 
other station in the world. 

The Dalmamock station is, in common with Lake¬ 
side, intended eventually for 200 000 kW on full load 
with maximum output. At present half this installa¬ 
tion ,has been erected. The boiler plant consists of two 
boiler houses, each containing 8 Babcock and Wilcox 
marine-type steel-cased boilers, arranged in 2 rows 
of 4 boilers each. These boilers are of 6 948 sq. ft, 
heating surface with an integral superheater of 2 452 
sq. ft. heating surface, and work at 225 lb. pressure 
and 700® F. steam temperature, the ordinary evaporation 
being 50 O’OO Ib^. of water per hour at 160® F,, and a long- 
period overload of 62 500 lb. Each boiler is also fitted 
with a cast-iron Green’s economizer of 400 tubes of 
5 156 sq. ft. heating surface, 14 ft. in length and SJf in. 
in diameter, on the new ring-stay pattern, heating the 
water from 160® F. to about 276® F. 

The mechanical stokers are of two kinds, 36 Babcock 
and Wilcox forced-draught chain-grate stokers, and 12 
Underfeed travelling grates, the total grate area per boiler 
being 273 sq, ft., consisting of 3 separate stokers each 
approximately 14 ft. 0 in. X 6 ft. 6 in. Each row of 
4 boilers supplies (3 boilers working and 1 boiler as 
stand-by) a steam turbine of 15 000 kW ordinary 
load, and 18 760 kW long-period overload, and 6 of these 
are installed for the 4 rows of boilers so as to have one 
turbine as a stand-by, although, of course, 16 boilers 
and 5 turbines canjbe worked if desired. It is impossible 
to describe in the space available the elaborate nature 
of the methods of scientific control adopted. Briefly, 
however, the station is operated from a central control 
room, which is in communication with the boiler house 
and the turbine house by means of a complete equip¬ 
ment of marine signalling-apparatus and marine loud¬ 
speaking telephones. Each boiler is regarded as a 
septate unit as regards testing instruments, and is 
equipped with three Avery 2-cwt. automatic coal- 
weighing machines, one for each stoker, CO 2 indicator 
compkte draught gauge and pyrometer equipment; 
and British Thomsou-Houston steam meter for the 


output of the boiler, together with a Lea V-notcli 
recorder connected to a turbo-alternator for each of 
the 4 boilers. 

The coal is also sampled and analysed continuously, 
being of inferior quality, averaging 10 500 B.Th.U.’s 
in the laboratory attached to the station, and the iiguj-es 
of the performance are plotted every shift all the year 
round. The plant is also provided with an ingenious 
and most accurate arrangement of two very lai'gc, cali¬ 
brated, steel test-tanks cacli having a capacity of 28 000 lb. 
of water, so that weighed-tank tests can be quickly 
canied out, and the peiioniianco of the turbines is 
controlled in an equally scientific manrsr. 

The guaranteed overall efficiency of the plant, using 
the inferior 10 600-B.Tli.U. coal, including the boilers, 
superheaters and economizers, is 80 per cent, although 
this is presumably for short official test-ligures only, 
and not for contmuoua runnuig, whilst there also seems 
to bo the usual confusion as to the exact meaning of 
the figure. 

As regards the actual running results from day to 
day all the year round, the figures given in Table 5 

Table 5. 

Actual Operating Boiler House Statistics {One Day), 
taken at Dalmamock Power Station,* Friday, 
September, 1923. 


Total coal consumed, lb.1 112 16(1 

Calorific value as fired, B.Th.U.'s .. .. 0 005 

Total ashes removed, lb. 141 680 

Ashes, per cent of total coal .. .. 12*74 

Total condensate, lb. .. .. .. .. 6 866 758 

Total make-up water, lb. 384 011 

Total water evaporated, lb.7 250 700 

Average boiler pressure, Ib./sq. in. 275 

Average steam temperature, . 676 

Average of COg recorded, per cent ,, 11*0 

Temperature of flue gases leaving econo¬ 
mizers, ® F. 372 

Temperature of water entering economizers, 

. i«i 

Temperature of water leaving economizers, 

. 286 

Water evaporated per lb. coal, lb. (‘rCl 

Coal per kWh generated, lb. .. .. I. 

Water per kWh generated, lb. H • 88 

Make-up water, per cent .. .. .. 6-60 

Boiler-house efficiency, per cent .. .. 78-4 


and supplied by Mr. R. B. Mitchell arc typical for a 
recent date in September 1923. 

Some further interesting information stsppliejd by 
Mr. Mitchell was published in Engineering, 1st September, 
1922. These figures embody the detailed results of 84 
consecutive 8-hour shifts (4 weeks* run) with an aggregate 
output of 9 784 000 kWh, var 3 niig from 30 000 to 230 000 
kWh per shift. During this month the average boating 
value of the coal was 10 600 B.Th.U.’s and the tem¬ 
perature of the feed water was 141® F., the steam 
pressure being 276 lb. (gauge) with a tem,porature of 
700® P. , 

The results show that at a load of only 60 000 kW 
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for an 8-hour shift, the coal cbnsumption was 2-116 lb. 
per kWh, and as the load increased to the maximum 
output this figure was reduced to 1*816 lb. per kWh. 
The performance of <cthe station is approaching the 
maximum, and with everything under the best condi¬ 
tions an ideal evaporation of 6*^22 lb. of water per lb. 
of 10 600-B.Th.U. coal, corresponding to a boiler plant 
efficiency of 80*92 per cent, together with 11*635 lb. 
of steam per kWh, will be attained. 

It may be noted that when the station is doing no 
useful work the total constant losses due to banking up, 
condensation, radiation, etc., only correspond to an 
average of abpait 20 000 lb. of coal per 8 hours, being 
6 123 lb. in the bofier plant and . 14 877 lb. in the 
generating plant. 

Mr. Mitchell, further, has very kindly supplied the 
author with the returns for the last financial year, 
1922-3, in which the average boiler-plant efficiency for 
62 consecutive weeks at the Dalmarnock station is 76*6 


per cent. The figures are as follows:— 

Total units generated . 171 827 337 

Average load, kW. 19 600 

Maximum load, kW . 58 500 

^ Load factor, per cent . 33*4 

Total coal consumed, tons .. , .. 142 942 

Coal per unit generated, lb. 1*86 

Coal per unit delivered, lb. .. .. 1*96 

Station efficiency (units generated), per cent 17*6 

Boiler-house efficiency (62 readings), per 
cent. 76*6 


As representative also of the figures obtained on 
special short tests, we have those given in Table 6, 
carried out on two boilers in March 1923, being in one 
case with induced draught and in the other with balanced 
draught, the figures being expressed for the two boilers 
as one compound unit. 

We may therefore take as representative of the best 
conditions of mechanical stoking with poor quality 
coal the figures obtained at Dalmamock, which indicate 
—as the result of the most elaborate tests—an all-the- 
year-round efficiency of 76*6 per cent on a poor load 
factor of about 34 per cent. Also, on theoretically 
the ideal load factor, the limiting efficiency is about 
81 per cent. It is obviously very difficult to decide 
upon absolutely fair average figures, but the author 
feels that the efficiency of Dalmamock could be taken 
as, say, 78 per cent with a 60 per cent load factor, 
emphasizing again, of course, that this applies to 
continuous week-in and week-out running all the year 
round, and not to official tests. 

This comparison between Lakeside and Dalmamock 
is, in fact^ probably as good as can be obtained for 
the rival systems of firing. Both stations are designed 
for 200 000 kW, Dalmarnock now having approxi¬ 
mately 76 000 kW easy working and 93 760 kW long 
overload, whilst Lakeside is running on 40 000 kW 
(60 000 kW overload). The present extensions to the 
latter will be completed in a few months, when the 
figures will be 80 000 kW and 100 000 kW respectively. 
The turbines at Lakeside are somewhat bigger, i.e. 20 000 
kW as compared with 15 000 kW, but the boilers are 
nearly twice the size, in this respect truly representative 


of American practice as compared with British. The 
coal used in both cases is of inferior quality, that at 
Lakeside being 11 600 B.Th.U.’s and that at Dalmamock 
10 600 B.Th.U.'s, but unfortunately the Jpad factors 
are very different, viz. 60 per cent at Lakeside and 
34 per cent at Dalmarnock, because of bad trade in 
the Glasgow area. However, it will not be easy in 
practice to obtain a better general comparison. 

Another point also of the greatest importance is that 
during the past five or six years, largely due in fact 
to the keen competition of pulverized fuel, considerable 
improvements have been made in the general principles 
of mechanical stoking, which was thought to have 
reached practical perfection. In the first place, there 
has been an enormous increase in furnace volume, and 
British power station practice in general has fallen 
hopelessly behind that in America in this respect. One 
of the chief causes of the inefficiency of the mechanically- 
fired boiler plants in Great Britain is that the tubes 
of the boiler are far too near the furnace, so that the 
fiames touch the boiler long before the combustion 
is completed, and the reactions are at once damped 
down with the escape of unbumt fuel. The mere fact, 
therefore, of doubling or trebling the volume of the 
combustion chamber would result in greatly improved 
results with mechanical stoking. A feature of pul- 
verized-fuel firing is, of course, the enormous com¬ 
bustion volume, at least 1. cubic foot of space for 
each 3 lb. of coal burned per hour. 

Secondly, there has been the perfecting of the stoker 
itself; for example, the '' compartmenting of the 
air supply in the travelling grate stoker sO as to adjust 
independently the amount of air passing at every stage 
in the length. Again, a very important new factor 
is^that of air heating, which is now just being realized, 
and which is under consideration at Dalmamock for 
the future boiler-houses Nos. 3 and 4. As yet there 
are only three or four plants of any considerable size 
equipped with air heaters in Great Britain and France, 
and in the United States not a single plant other than 
an odd boiler as an experiment. Further, so far as 
the author is aware, no mechanically-fired plant has 
yet adopted hollow air-cooled furnace walls (except 
in a very small section of the brickwork) and used the 
heated air for secondary combustion. It is interesting 
to note also that ordinary air-heating in addition is 
being considered for pulverized fuel at the Colfax station. 

The author is quite prepared to admit that if Dahnar- 
nock, for example, could be altered on these lines, a 
considerable improvement on 78 per cent efficiency 
(regular performance) at 60 per centjoad factor would 
result, and that air-heating alone might bring the figure 
up to over 80 per cent. Also, he is aware that figures 
approaching 86 per cent are now being guaranteed in 
Great Britain with mechanical stokers. For example, 
the efficiency of one plant in London, with mechamcal 
stokers, air heaters, superheaters and economizers, 
has been guaranteed to be 86 per cent on the higher 
value of the coal, after deducting the auxiliary steam 
or power, which is not to exceed the equivalent of 
1J per cent of the evaporation of the plant. An article 
by the aulhor in the ElBciHcictn on this plant and 
the. uncertainty as to what these figures meant led 
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Table 6. 


1) Date of test 

2) Duration of test 
,8) Boilers 


Induced draught 


(4) 


Coal, 


i 


An^ysis of coal used (mixed pearls and singles):— 
(«) Moisture, per cer^ 
wj Volatile matter, per cent 
(ri Fixed carbon, per cent .. 

W) Ash, per cent . 

(e) Dry calorific value, B.Th.U./lb. 

(/) As fired, calorific value, B.'Di.U./lb. 

Total coal weighed. Ib. .. .. 

Sample for analysis, lb. 

Total riddlings, ib. . 

Total coal in riddlings, lb. 

Ashes removed from ash-pits, lb. 

Ashes removed, in per cent of coal .. 

Total coal consumed, lb. 

Average coal consumption per hour, lb. 



Water. 


[If) Total water evaporated, measured by Lea recorder, lb. 
M) Total water evaporated, measured by steam flow, lb. 


, , , w-jT---inlet, *F. 

if) Average temperature of feed water at economizer outlet, ® F, 
19) Average temperature-rise of water, degrees F, 

(20) Actual evaporation per lb. coal, lb.. .. 


Steam* 


(21) Average boiler pressure, Ib./sq. in. (g.) 

(22) Average total temperature, ® F. 

52?) Average degrees superheat, degrees F.. 

(24) Factor of evaporation.. ,, ,. 

Gases, 

(25) Average temperature of air entering grates, ® F, 

(25) Average temperature of gases at economizer inlet, ® F. 
("I) Average temperature of gases at economizer oudet, ** F. 
(28) Average temperature-drop of gases, degrees F. 


(29) Average COj content, per cent, 
559) Average 0* content, per cent . 
(81) Average CO content, i>er cent - 


Gas Ant^sis by Orsat. 


( 32) Average at forced draft duct, in. 
( 83) Average beneath grates, in. 

(84) Average over fire front, in. 

(86) Average over fire back, in. 

(80) Average at uptake, in. 

(87) Average at chimney. In. 


Drau^U [iixeltes of water). 


(88) Total kWh, induced-draught fan 
'?5) ® forced-naught fan.. 

(40) Total kWh, No. 10 forced-draught fan 

(41) Total kWh, stoker drive (calcu&ted) .. 

(42) Total kWh, electrical feed pump (calculated) 


Auxiliaries, 


Total kWh 


1 48] 
44 
45 
46 

47) 

(48) 

;49) 

50) 

51) 


Principal Results, 

consumed per square foot of grate area per hour, lb. . 

liberated per square foot of grate area per hour . 

B.Th.U.’s transferred per lb. of coal of 10180 B.Th.U.’s. 

B.Th.U.Js transferred per lb. of coal of 0 802 B.Th.U.’s. 

B.Th.U.'s transferred per square foot of total heating surface per hour 

Actual evaporation, lb. of water pw: lb. of coal. .. 

Equivalent evaporation from and at 212® F. . 

Equivalent evaporation from and at 212® F. per 10 000 B.Th.U.’s in coal 
Cost of evaporating* 10 000 lb. water from and at 212® F., coal at 16s. per ton 


(52) To calorific value of coal as fired 

By heat transfer in boiler ., 
By heat transfer in superheats 
By heat transfer in economizer 


Neat Balance per lb, of Coal, 


By heat transfer in combined plant 


By heat loss in flue gases. 

By heat loss in moisture . .. 

By heat loss in combustible in ash.’* *. 

By heat loss in radiation. / 

By beat loss due to CO, heat, in a^^* moisture in air, combined hydrogen and other losstt unaccounted for 


20/3/28 
6 hours 


As fired 
12-9 
24-0 
44-0 
19*1 

11080 
10130 
112 000 
104 
1678 
1060 
14 560 
18>2 
110846 
18 474 


760 773 
744 000 
126 706 
124000 
160*6 
284*0 
117*6 
6*86 


273*2 

656*0 

241*3 

1*245 


600 

399 

201 


13*00 

6*02 

0*28 


- 0*10 

-0*16 

-0*48 

-1*16 

-1*60 


and 10 

Nos. 

Dry 

As fired 

— 

14*8 

27*6 

23*6 

60*5 

42*5 

22*0 

19*1 


410 


50 

450 


910 


88*8 
842 894 
8 203*7 

5 256*9 (equivalent 
to 4*86 lb. water) 
6*86 
8*54 
8*43 
8 s. 4*8d. 


B.Th.U.’s ! 

Per cent 

B.Th.U.’s 

Percen 

10180 

100*00 

9 868 

100*00 

.6 580*7 

64*47 

6468*0 

65*90 

958*5 

0*45 

964*0 

9*84 

809*6 

8*00 

767*0 

7*82 

8 293*7 

81*92 

8180*0 

83*56 

1240*0 

12*25 

1195*0 

12*20 

159*0 

1*67 

160*0 

1*50 

108*8 

1*07 

negH 

gible 

252*0 

2*50 

245*0 

2*50 

77*0 

0*69 

23*0 

0*24 

10180 

lOO’OO ' 

9 803 

100*00 


Balanced dmught 


21/3/28 
8 hours 


11 520 
9 802 
64 512 
116 
1086 
789 
7168 
11*28 
63 007 
21202 


426 872 
420100 
142124 
140 700 
168*0 
272*6 
114*5 
6*7 


274*0 

672*0 

258*0 

1*241 


Dry 

37*76 

60*00 

22*25 


(at forced-draught 
duct) 60 
634 
4X4 
220 


14*5 

6*6 

0*3 


+ 1*8 
+ 0*22 
- 0*06 
- 0*80 
-0*90 
- 1*20 


496*0 


88*8 
875 416 

8189*0 

5 963*8 (equivalent 
to 4*88 Ib. water) 
6-70 
8*80 
8*525 
8 s. 4|d. 


VOL. 62. 


, 27 
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to corr^pondence in the columns of that journal during 
March, April and May, 1923. It is possible that such 
figures may be attained on a short test of a few hours, 
but when it is remembered that they imply continuously 
about 37f per cent •excess air, 12 per cent CO 2 , and 
a temperature of the final-exit flue gases in the chironey 
base of about 235® F., it is fairly obvious that they 
will not be the weekly figures all the year round. 

^ Bearing in mind, therefore, the difficulties of the 
whole question and the natural differences of opinion 
on a matter so complicated, the author considers that 
a fair figure for the net yearly working efficiency of a 
mechanical-stoker plant under the most modem condi¬ 
tions, with superheaters, economizers, air heaters, large 
furnace volume, hollow furnace walls or any other 
equipment, combined with the most scientific supervision 
obtainable, and with average working conditions, 
particularly quality of fuel and load factor, is 81—82 
per cent, including the higher value of coal and 
deducting all auxiliary power, which corresponds to 
about 40 per cent excess air. 

(&) The Lakeside figures.—As regards the figures 
obtained with pulverized fuel at Lakeside, the net 
results are 86-86 per cent actual working efficiency, 
month in and month out, on the comparatively low- 
grade Illinois coal of about 11 600 B.Th.U.'s per lb. 
(high calorific value). These figures are based in the | 
first place on a most elaborate series of special tests 
carried out under actual running conditions, probably 
unsurpassed in the world for care and accuracy and 
for the time and trouble taken. Secondly, they are 
the results of continual weekly records taken as part 
of the routine of the station control, and, so far as 
the author is aware, the Lakeside station is the only 
one in the world that publishes regularly, monthly 
and quarterly, the full details of the boiler-plant 
performance. 

In May and June 1923, for example, the weekly 
figures averaged 86-87 per cent, and on one special 
test carried out under abnormal conditions bn one 
boiler 89* 1 per cent was reached, the highest recorded 
figure for a coal-fired plant. From these facts, therefore, 
it is clear that .the Lakeside station contains the most 
efficient steam-generation plant in the world. 

The modem Lopulco guarantee alone for pul¬ 
verized fuel is 84^86 per cent, or 82-84 per cent 
without economizers under test conditions, a remarkable 
figure when it is remembered that such guarantees 
must always be on the conservative side. The exact 
figure depends of course on the particular circumstances, 
such as the quality of the coal, the nature of the equip¬ 
ment, the size of the boilers, and the fluctuation in 
the evaporation. As already stated, the guarantee 
at Vitry,’for example, is 84 per cent. 

At the new Cahokia station of the Union Electric 
Co., on the southern bank of the Mississippi, for supplying 
St. Louis, the capacity of which will eventually be 
300 000 kW—^the present section under construction 
being 8 boilers of 17 800 sq. ft. heating surface and an 
evaporation of 170 000 lb. from and at 212® F. for each 
boiler, corresponding to 10’40 lb, of water per, sq. ft. 
of heating surface and 14*00 lb. for peak loads—^the 
guarantee is 86 per cent. In the Cleveland contract. 


where four boilers—the biggest in the world—are 
being installed, having 30 600 sq. ft. heating surface 
and evaporating over 300 000 lb. of water from and 
at 212® F. per hour, the guaranteed efficiency is 86*4 
per cent without economizers. The most interesting 
figures, however, in this respect are perhaps those for 
the new Trenton Channel station of the Detroit Edison 
Co. This installation is to consist of 6 boilers of 29 000 
sq. ft. heating surface (say 290 000 lb. evaporation 
per hour, normal), and the guararftees are as follows 


Evaporation, lb. water from 
and at 212^ F. per sq. ft. 
beating surface 

Efficiency 

lb. 

percent 

3-6 

87-6 

6-9 

88-0 

10-3 

86-6 

13-8 

83-0 


Thus with the enormous figure of 13*8 lb. of water 
per sq. ft. of heating surface, that is 400 000 lb. of 
water per boiler per hour, without economizers, the 
guarantee is 83 per cent and for normal working 86J-88 
per cent. It is expected that both at Cahokia and Lalce- 
side the average efficiency will be 88J per cent on 
normal output when the plants are completed. 

Finally, with regard to the installation of pulverized 
coal now being erected at Colfax, the efficiency 
guarantee is 89 per cent, using air heaters. It is 
expected to obtain a performance of less than 16 000 
B.Th.U.'s per kWh on test, and under 17 600 B.Th.U.'s 
on long periods. With the present mechanical stoking 
the best figures are 18 713 B.Th.U.'s for 90-day periods, 
but normally 19 000 B.Th.U.'s. At Dalmamock the 
figure is approximately 19 900 B.Th.U.'s. 

Typical of the extensive series of tests carried out 
at Lakeside are the condensed figures given in Table 7 
for 16 trials of 17 *6-42-3 hours* duration. 

The detailed figures of 6 tests on one boiler, at different 
ratings, as set out in Table 8, give a good idea both 
of the performance of pulverized fuel under modem 
conditions, and of the elaborate care and attention to 
detail with which these tests at Lakeside have been 
carried out. 

As seen from the figures, these elaborate tests were 
carried out at greatly different duties, varying from 
evaporations of 63 390 to 92 202 lb. per hour, the 
normal rating being 90 000 lb., and the coal consump¬ 
tion varying from 6 960 to 11360 lb. per boiler per hour/ 
The detailed efficiency and heat balance-sheet figures 
show an efficiency of 84*6 per cent for the. whole plant 
at the high rating of 92 200 lb. of steam per hour, 
corresponding to about 86—86 per cent for normal 
rating and varying from 84*6 to 89*1 per cent. In 
general, therefore, it may be stated that the Milwaukee 
boiler plant is running at the extraordinarily high 
efficiency of about 86 to 86 per cent, and the previous 
generalddeas of 82|-86 percent efficiency with pulverized 
fuel on test figures have been far exceeded. Scheffler 
and Bamhurst, for example, in their 1919 paper stated 
i that a pulverized-fuel plant ought to work all the year 
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round at 76 per cent efficiency, corresponding to an 
average saving of 12—16 per cent in the coal bill as 
compared with naechanical stoking. 

It will be noted that the economizers reduce the flue¬ 
gas temperature from about 430®-»496® F. leaving the 
boiler (a very low figure, showing the efficiency of 
working) to about 168®-261® F., whilst the feed water 
is raised from 124®-127® F. to 168VI96® F. 

As regards draught, the figure varies from 0*626 to 
2*38 inches of watef leaving the econonaizer, but at 
normal running it is about lf-2 inches, whilst the 
water evaporated per lb. of coal varies from 8*12 to 
8*92 lb., being about 8j lb. for'normal working. 

The actual amount of air used in excess of the 
theoretical was determined with particular care, and. 


of firing, is indicated by the fact that the^ CO 2 is 
down to lOj-13 per cent on leaving the economizer. 
The amount of this air leakage is not generally realized 
by power station engineers. 

{c) Compayison of pulvcy%z6d''f%telf£tokiytg and ynechanical 
stoking, —^The net result^^ therefore, allowing conservative 
figures, is that under the most moderir conditions 
pulverized fuel is worldng at 86 per cent efficiency 
and mechanical stoking at 81^ per cent, the saving 
in the coal bill due to the former method being thus 
fij per cent. This, however, though strictly correct, 
is certainly rather unfair to pulverized fuel from a 
practical point of view. 

There seems to be no question in the ^*st place that 
it is very much easier to obtain the highest efficiency 


Table 7. 


A Smnmary of the Tests carried out on Boiler No, S at Lakeside by the United States Bureau of Mines for the 
Combustion Engineering Corporation, under the Supervision of Henry Kreisinger,^ 


Test no. 

btiration 

American 

rating 

Water evap. 
per sq. ft. 
heating surface 
per hour 

Effy. of boiler 
and superheater 

Effy. of boiler, 
superheater 
and economizer 

CO2 exit gases 
from boiler 

Temp, of flue 
gases leaving 
boiler 

Temp, of flue 
gases leuvhig 
ccoitoniizcr 


honra 

per cent 

lb. 

per cent 

per cent 

per cent 

“F. 

•F. 

1 

42-3 

137 

4-6 

83*3 

86*3 

15*8 

434 ' 

1(38 

2 

24*0 . 

215 

7*4 

82*6 

87*1 

14*6 

476 

196 

3 

20*0 

209 

7*2 

82*6 

87*0 

14*7 

482 

205 

4 

24*7 

146 ‘ 

6*0 

86*4 

89*1 

16*0 

430 

204 

6 

24*2 , 

236 

8*1 

79 •:8 

84*6 

14*1 

496 ' 

261 

6 

28-2 • 

139 

4*8 

83*8 

88*0 

16*1 

464- 

229 

. 7 

' 26*6 

'177 ' 

6*1 

83*7 

88*0 

14*7 

466 

242 

'8 

24*0 ' 

175 

6*0 

. 86*2 

89*6 

16*1 

468 . . 

239 

9 li 

24*3 

204 

7*0 

83*9 

88*3 

15*1 

487 

256 

10 

24*6 

203 

7*0 

'%3i0 

87*0 

14*7 

474 * • 

266 

11 ‘ 

24*1 

244 

8*4 

80*2 

86*0 

14*0 

530 

286 

12 : 

23*9 

241 

• 8*3 

81 *.7 

86*4 

14*2 

524 

263 

13 : 

24*2 

261 

8*6 

81*0 

86*6 

14*2 

531 

272 

u : 

24*6 

130 . 

4*6 

84*7 

88*6 

17*1 

436 

218 

16 

17*6 

137 

4*7 

84*4 

88*4 

16*4 

440 ' 

221 


• The coal used was eithet: dried Illinois, or undrled Illinois, Pennsylvania and Ohio, 


as will be seen, this varied from 10*7 to 26*2 per cent, 
depending on the evaporations of the boilers. The 
figures in this respect can be stated to be approximately 
26 per cent excess air for 6 per cent overload, about 
22 per cent on normal load and 12 J per cent on only 
60 per cent of full load, although it is extremely diffi¬ 
cult to determine the figures accurately. In general, 
therefore, the oldr contention that pulverized coal 
is working with only 20 per cent excess air can be 
accepted as correct. 

The analysis of the flue gases is given for the.fourth 
pps of the boiler, the result being 14J-16 per cent 
CO 2 , a very high figure, equal to about 16 to 17 per 
cent at the actual point of combustion, whilst the 
amount of CO present is nil, which is also found to 
be characteristic of pulverized-fuel firing because of 
l^e intimate mixture of air arid fuel and also the 
high temperature. The air leakage in the plant, which 
it is almost impossible to prevent with any method 


with pulverized fuel. To run a mechanically-fired 
boiler plant all the year round at 81| per cent efficiency, 
including the comparatively heavy stand-by and 
banking-up losses, requires almost superhuman attention, 
both in equipment and control, and only one or two 
stations in the world are attaining such a figure. It 
is admitted, of course, that the attention at'Lakeside 
is far above the ordinary, but the mam point seems 
to be that, with what may be termed extremely good 
attention, pulverized fuel would probably give, say, 
per cent efficiency, the mechanical stoker-plant 
figure being taken as 76 per cent, equivalent to a 
difference of 9 per cent in the coal bill. Of course, 
if pulverized fuel were adopted in the average existing 
station, tire saving would be something like 16-20 
per cent. 

The chief reasons why pulverized fuel gives a decidedly 
higher ^ciency than mechanical stoking seem to be 
the reduced excess of air (because of the much more 
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Table 8. 


Summary of Results of 6 Boiler Tests with Pulverized Illinois Coal. 
Tests made on Boiler No. 8, Lakeside Station of the Milwaukee Electrjc Railway and 

O _ - 


Light Company. 


Duration, hours. 

Coal as Fired. 

I Per cent through 100 mesh .. '. 

I Per cent through 200 mesh. 

\ Moisture content, per cent. 

I Volatile matter, per cent . 

Fixed carbon, per cent. 

I Ash, per cent. 

I Sulphur, per cent . 

( Hydrogen, per cent . 

C^bon, per *»f»nt.* • • • • , • 

Calorific value, B.Th.U.*s . 

1 Total fuel fired, lb. 

Fuel fired hourly, lb. .. .. : * . • * 

) Fuel fired hourly per cubic foot combustion space 


Ash ami Refuse. 

(1C) Carbon in 2nd- and Srd-pass refuse, per cent of coal fired 

(17) C^bon in uptake dust, per CMit .* 

,(18) Unbumed carbon per lb. coal, per cent . 

Ash Account, 

(10) From bottom of furnace, lb. 

(20) From 2nd and 8rd pass, lb. .. .. . 

(21) Determined from dust-collector data, lb. 


(22) Temperature of air enteriu|[ furnace, F. 
(28) Pressure of air of feeders, in. of water 
124) Air entering with coai, per lb. coal, lb. 

(25) Air entering at burners, per lb. coal, lb. 

(26) Air through hollow wall, per lb. coal, lb. 

(27) Excess air in flue gases, per cent 


Flue Gas. 

Carbon dioxide in .4th pass, per cent 

Oxygen in 4th p%ss, per cent. 

Carbon monoxiaei4th pass, per cent •. • • • 

Carbon dioxide entering economizer. 

Carbon dioxide leaving eronomizer .. 

Dry gas per lb. coal leaving boil^, lb. .. 

Di^ gas per lb. entering economize, lb. 

Dry gas per lb. leaving economizer, lb. .. * .. 
Temperature of flue gases leaving boiler, ® F. .. 
Temperature of flue gases entering economizer, F. 
Temperature of 4ue gases leaving economizer, F. 


Draught. 

i 39 ) At furnace, inches of water ,. 

40) Tn 4th pass, inches of water. 

41) Entering economizer, inches of water- 
42) Leaving economizer, inches of water .. 

Steam and Water. 

(43) Steam pressure, Ib./sq. in. (abs.) 

(441 Superheat, degrees F, . 


iMi auperneai., ucjjiees v, . ooaaaib 

(45) Total water fed to boiler, lb. .. . 

146) Water fed to boiler per hour, lb.. 

47) Water evaporated per lb. coal, lb. .. • • . ;. 1 i/Lo.an 

148) Heat absorb^ per lb. water, boiler and su^erheatCT . 1140 oo 

40) Temperature of feed water entering economize, ® F. r inS 

60) Temperature of feed water entering boiler, ® F. i«<> 


RaUs of Heat Absorption. 

(61) Rating develop^, per cent. 

(62) Horse-power developed .. .* 


280 

180'80 
2 012 462 
83 963 
8*62 
1151-00 
129 
192 


280 

186-80 
1 016 680 
81121 
8-49 
1168-40 
124 
188 


276 
118-40 
1393 260 
67 672 
8-66 
1182-00 
126 
176 


281 
178-60 
2 228 614 


Heat Balance, Boiler. 

I Heat absorbed by boiler and superheater 
I Loss carried away in dry gases 
) Ijoss : steam from burning hydrogen ., 

) Loss: steam from moisture in coal .. 

I Lok : steam from moisture in air 
Loss: by carbon monoxide 
Loss: carbon In ash and flue dust 

Loss: radiation. 

Loss: errors and unaccounted for 


I B.Th.U.'8l Per cent i B-Th-O.-sl Per cent i B.Th.U.'s| Per cent I B.Th.U.*S| Pw cent | B.Th.O.-s| Pw <®t 


Heal Balance, Fconomizer. 

I Total heat supplied, (Items 54-87) .. 

I Heat absorbed by economizer .. ^ .. 

I Loss: dry gases delivered from boiler 
I Loss: air leaking into economizer 
1 Loss: water vapour .. .. 

I Total heat accounted for.. 

I Radiation and unaccounted for 
I Heat absorbed by boiler and economizer 
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intimate mixture of tlie fuel and air); the very liigh 
temperature of the combustion, combined with more 
intense radiation; the continual presence of a finely 
divided clojd of incandescent ash and burning fuel 
in the combustion chamber; and the perfectly even 
diffusion and distribution of the heat to every part 
of the boiler tubes. 

The reduced excess air, 20-22 per cent, as compared 
with, say, 36-37J p€ir cent, means in the first place a 
very high CO 2 content, viz. 16-17 per cent, at the 
actual combustion. As is well known, it is not possible 
to work mechanical stokers witli over 14-16 pier cent 
CO 2 , even with the most unusual attention, and of 
course the average figure is much less than 10 per 
cent, especially on chain-grate stokers, so that pulverized 
fuel has a considerable advantage in this respect. 
Reduced excess of air also means a continual high 
temperature of combustion, averaging over 2 000® F. 
with pulverized fuel, the figure at the River Rouge 
plant, for example, being 2 100° F., mixed blast-furnace 
gas and pulverized fuel being burnt, and, as already 
stated, one of the practical problems has been to get 
the brickwork to withstand the conditions. The 
very large combustion chamber means a slowing down 
and great expansion of the air-fuel mixture, so that, 
in addition to the intimate nfixing, the combustion 
has ample time to complete itself, incidentally without 
friction loss against the brickwork. 

Another factor which probably plays an important 
part is that the whole volume of the combustion chamber 
is continually filled with a cloud of highly incandescent 
ash, which would appear to act on the principle of 
the incandescent mantle in greatly increasing the 
radiation effect, over and above that of the furnaje 
walls. As is well known, the secret of working a boiler 
plant efficiently by any method of firing is to have the 
maximum radiant heat and, consequently, the highest 
furnace temperature. Finally, the combustion is in 
direct and intimate contact with the boiler tubes, 
without any arches or baffles. 

(2) Unbumt material in the ash, —^There is no question 
that one of the practical advantages of pulverized fuel 
is the much more thorough combustion in the ash. 
The final results of the detailed tests at Lakeside, 
including many samples of ash taken from different 
stages of the plant, was 0‘40-0 *74 per cent unbumt 
carbon, and the general figure is considerably less than 
1 per cent of the weight of the coal. 

It is very difficult to get authentic figures for the loss 
caused by the amount of unbumt and partially burnt 
fuel in the ash and clinker with mechanical stoking. 
The amount of fuel in the riddlings from mechanical 
stokers in many power stations is very large, and quite 
often the net loss is easily 4—6 per cent of the coal bill, 
tegely owing to carelessness in not re-burning the 
riddlings. 

In one case in the author's own experience a power 
station was selling ashes to a large factory a short 
dfetance away for a few pence per ton for road-making 
purposes, ^ and the factory was actually using the 
material in their cylindrical boilers for steam genera¬ 
tion. 

Some t 3 q)es of stoker are, of course, much worse* 


than others, the ordinary chain grate being apt to 
be very bad. Various American authorities, e.g. W. C. 
Wilcox of the American Chemical Society, give the 
average figure of unbumt fuel i^ the ash and clinker 
with overfeed " stokers as about 26 per cent, corre¬ 
sponding to 4J per ceni of the coal biU, whilst for chain- 
grate stokers the figure is 36 per cent unburnt cai’bon 
and about 6 per cent of the coal bill. The figures 
for hand-firing on small boilers are said to be even 
worse, viz. over 36 per cent unburnt carbon and about 
6|- per cent loss in the coal bill. Further authentic 
data on this point are certainly required^ and in this 
connection a paper read in September 4Ast by W. S. 
Patterson before the Yorkslure Section of the Society 
of Chemical Industry* is of interest. Detailed results 
of investigations carried out on the composition of 
the ash and clinker from 15 different mechanical-stoker 
plants are given, and the amount of carbon in the ash 
was found to vary from 6*2 per cent to 40*48 per cent, 
corresponding to 0-76-19*10 per cent of the original 
carbon in the coal. It should be noted, however, 
that out of the 16 plants 9 had over 16 per cent of 
unbumt carbon in the ash, and 12 plants had over 
2 per cent of the original carbon of the coal in the ash, 
wliilst 10 plants had over 3 per cent and 6 plants over 
6 per cent. 

It may also be pointed out that special plant has been 
developed extensively in Germany for the magnetic 
separation of ash and clinker from unburnt fuel, and 
one firm is stated to have supplied over 100 plants 
treating about 8 000 tons of ashes per day. The result 
of this very extensive experience is that the average 
unbumt fud in ash and clinker exceeds 30 per cent and 
is in some cases actually over 60 per cent. What 
the figure is on the most modem t 3 q)e of mcchanically- 
fired plant is not clear, but at any rate we may take 
a figure of 2 per cei^t loss on the coal bill as being the 
best stoker practice. 

That is to say, with pulverized coal there is a saving 
due to less combustible in the ash of about 1 • 26 per 
cent in the coal bill in the case of the best stoker practice, 
and probably about 3-4 per cent with the ordinary present 
practice in, say, over 90 per cent of power stations. 

(3) Flexibility as regards the qualities of fuel that can 
he burnt, —^The great advantages claimed in the past 
for pulverized fuel in this respect have been more than 
substantiated by the experience at a number of installa** 
tions in addition to that at Lakeside, and, in fact, 
almost a revolution has been effected in steam generation 
on this account alone. 

Mechanical stokers are largely dependent—^witliin 
very fine limits—on coal of good quality in order to 
obtain the most efficient results, that is to say, not 
only as regards the heating value, but other qualities 
as well, such as variation in the melting point and the 
amount of the ash, and the coking properties, i.e. the 
proportion of resinous matter in the coal. It is, of 
course, common knowledge that if a mechanically- 
fired plant is running at 76 per cent efficiency with 
coal of, say, 12 000 B.Th.U.'s per lb,, any very great 
variation m the quality, such as a reduction to 9 000 
B.Th.U.'s, would simply throw the whole plant entirely 

• See Chemistry and Industry, 192S, vol 42, p. 904. 
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out of gear, reduce the efficiency to, say, 66 per cent 
and cut down the evaporation by half, whilst the 
installation would very soon be congested with clinker. 
In other words, with noiechanical stoking we are compelled 
to consider the performance of a boiler plant not so 
much from the point of view cfl the heat given to the 
furnace, but of the weight of a given coal possessing 
a number of distinctive qualities—quite another pro¬ 
position. 

With pulverized fuel the matter is altpgetlier so 
different as to alter the whole method of regarding a 
boiler. Thus, if all qualities of coal are used, there is 
practically n^ difference in the efficiency or the steam 
output of the boffer. A drop to 9 000 B.Th.U.’s from 
12 000 B.Th.U.*s merely requires some extra pulverized 
coal to be added to the combustion chamber, and the 
performance carries on as before. That is to say, 
with pulverized fuel all that is necessary is ^to apply 
to the boiler a definite amount of heat, and the weight 
and quality of the coal or other fuels are minor mattem 
to be altered accordingly only so far as is necessaiy 
to keep the heat supply constant. Thus one of the 
chief reasons why the Detroit Edison Co. have finally • 
decided to install pulverized fuel, after the most elaborate 
investigations into its possibilities, on a 300 000-kW 
installation is the advantage of being able to burn 
fuel of greatly var 5 dng quality with comparatively 
little reduction in the highest efficiency figures. Another 
reason is that with a given boiler one-third more capacity 
is available at any time. Pulverized fuel was also 
adopted for the Caliokia station, St. Louis, largely on 
tliis account, and, as further illustrating the advantages 
in this respect, mention may be made of the United 
Railways installation at Providence, Rhode Island, 
U.S.A., of 3 Bigelow-Hornsby boilers each of 174 000 
lb. evaporation from and at 212® F., arranged to burn 
either good-grade bituminous coal or purely refuse 
anthracite coal, not hitherto burnt at all. The plant is 
specially adopted for this dual capacity, so that the 
bituminous coal guarantee is lower than usual, viz. 
81-6 per cent efficiency on a normal evaporation of 
10‘6 lb. per sq.. ft. of heating surface per hour, and 
79 per cent on a 2-hour peak load of 13*8 lb. of water 
per sq. ft. of heating surface. The Rhode Island anthra¬ 
cite coal is extraordinarily difficult to bum, being of a 
.graphitic character which bums well for a short time 
^d then goes out, due to the ash preventing the inner 
portions from burning; as a consequence it is a waste 
product in spite of its high heating value. A similar 
anthracite fuel is found in the Alps, Belgium and 
. Rumania, and important developments may result in 
this direction. 

(4) Combined working with liquid and gaseous fuels ,— 
The fact that pulverized fuel will give more efficient 
results either by itself or mixed separately with any 
gaseous or liquid fuel, or with both together, is in practice 
also a very important advantage. Thus it has made 
possible for the first time, at the River Rouge plant 
of the Ford Motor Co. at Detroit, a. solution of the 
difficult problem of. burning huge volumes of blast¬ 
furnace gas, erratic in delivery, along with coal so as 
id maintain a reasonably steady output of steam. 

It is the present custom in many steel-works to bum 


the blast-furnace gas under a range of boilers, and 
solid coal in an adjoining range of boilers, whilst coal 
is also often burnt under the gas-fired boilers as well. 

The results are almost always deplorable from the 
point of view of economical working. Thus in one 
large steel-works boiler plant tested by the author, 
an enormous amount of coal, over 60 000 tons per 
annum, was being burnt at about 60 per cent efficiency, 
using both water-tube and cylindrical boilers, in an 
endeavour to cope with a variable steam demand 
from rolling-engines and a widely fluctuating blast¬ 
furnace gas supply. Pulverized fuel used under such 
conditions would save something like 40 per cent of 
the coal bill, an almost incredible figure, which is also 
on the assumption that the efficiency of the blast¬ 
furnace gas-firing was not increased. 

The River Rouge plant is, of course, the dassic 
example of the advantages of pulverized fuel with 
respect to the burning ^of mixed fuels. The normal 
working conditions on this plant, with the present 
installation of 4 boilers (3 working), axe 70 per cent 
blast-fumace gas and 30 per cent pulverized fuel, each 
boiler having 26 470 sq. ft. heating surface (2 660 
American horse-power rating), funning easily at an 
evaporation of 200 000 lb. of water from and at 
212® F. each per hour (260 per cent American rating), 
at 235 lb. pressure and 600 deg. F. superheat. The usual 
fuel consumption per 24 hours under these condi¬ 
tions is 67 000 000 cubic feet of blast-furnace gas at 
a pressure of 1J in. of water, a temperature of 300®,F., 
and having a heating value of 100 B.Th.U.’s per cuTdIc 
foot (at normal temperature and pressure) together 
with about 276 tons of pulverized coal, 94 per cent 
through 100 mesh and 78 per cent through 200 mesh, 

• being therefore finerthan usual. Any proportion of blast¬ 
furnace gas and pulverized coal can, however, be burnt 
as required, and alterations can almost simultaneously 
be made in the relative amounts of tire two fuels, the 
gas being introduced horizontally into the bottom part 
of the furnace through grids. Thus, not only is pul¬ 
verized coal alone often used, but, as required, varying 
quantities of coal tar from the by-product plant and 
coke-oven gas, whilst during the recent American coal 
strike oil fuel and coke breeze were also utilized. 

''(6) Overload and flexibility in steam output ,—^The 
flexibility of pulverized fuel from the point of view 
of overload and steam output on the plant is found 
to be, at the Lakeside and other plants, much greater 
than was imagined. Thus a boiler can, in a com¬ 
paratively short time, be put on to full load from a 
''banked'' condition, i.e. under pressure but with 
no combustion at aU, thus differing, of course, from 
banking up with mechanical stoking. 

As an example of the remarkable possibilities in 
this respect, one of the boilers at the River Rouge plant, 
because two other boilers were shut down for a short 
time on account of some boiler feed-pump trouble, 
rapidly increased the evaporation until, at the end 
of SO minutes, the figure was 360 000 lb. from arid 
at 212® F., the normal figure being about 200 000 lb. 
Mr. Bowden, the Chief Engineer of the Poplar Borough 
Council Electricity .Works,* who has recently visited 
a number of pulverized-fuel power stations in the United 
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States, told the author that he saw one of the River 
Rouge boilers started up after standing for several 
hours, and in 16 minutes the evaporation was 230 000 
lb. per hojur. This flexibility o^ pulverized fuel as 
regards steam output seems to be the chief reason 
why such enormous boiler units are how being 
adopted in America. As already stated, boilers of 
over 30 000 sq. ft. heating surface, much more than 
twice the size of anything in Great Britain, are now 
under construction, and there is every possibility in 
the immediate future of boilers having a normal 
evaporation of 400 000 lb. being erected so as to enable 
one boiler and one 35 000-kW turbine to be worked 
as an entirely self-contained and independent unit. 
So far as the author is aware, there is no boiler having 
a normal evaporation of over 160 000 lb. per hour 
working with mechanical stokers, and the above 
enormous units are only made possible by pulverized 
fuel. With a combustion chamber of ample volume 
and sufftdent area in the fuel feed-pipe there appears 
to be hardly any limit to the output possible. 

(6) Reduced stand-by and hanking losses .—The great 
flexibility in the evaporation means also a very con¬ 
siderable reduction—and, in fact, an almost entire 
elimination—of the stand-by and banking losses. 
Several of the largest plants in the United States have 
adopted pulverized fuel largely because of this factor. 

If a boiler plant is subject to very considerable 
fluctuations in the steam demand and has long periods 
of banking up, then pulverized fuel is said to possess 
an advantage over mechanical stoking corresponding 
to a saving of as much as 2-5 per cent in the coal bill. 

(7) Ease of scientific control .—^The extraordinary ease 
with which pulverized fuel may be conveyed through 
pipes, being handled and controlled almost as readuy 
as gas, means that an extremely accurate control of 
the working of a boiler plant is possible, especially 
since practically the whole of the air used is similarly 
under control and passed through pipes. The most 
remarkable developments in this direction have recently 
been made in America, partly at Lakeside but par¬ 
ticularly at the River Rouge plant at Detroit. 

In the latter installation each of the four very large 
boilers is fitted with a separate 3-panel control switch¬ 
board, one for each boiler, in a control room remdte 
from the boiler house. These switchboards are each 
provided in the first place with recording pjnrometers, 
one giving a chart of the temperature of combustion 
within the tubes of the boiler, at the exit gas discharge 
from the boiler, and in the chimney base, together 
with the steam temperatures, and with draught gauges 
for a number of different parts of the boiler plant. 
The battery of instruments on each board also includes 
steam and air meters, CO 2 recorder, steam pressure- 
gauge and superheat gauge, and special apparatus 
giving a continuous record of the rate of^ flow of the 
feed water, pulverized coal and blast-furnace gas. The 
board is further equipped with a series of switches 
controlling the pulverized fuel, air, and blast-furnace 
gas supply. In practice an operator stands in front 
of the board and, by merely manipulating switches, 
controls almost Ihe eintire working of the boiler, keeping 
it at the highest efficiency at different rates of evapora- 


-—--—r|- 

tion, as required. There is also one attendant in 
front of each boiler, but he has practically nothing to 
do except in case of emergency, and the boiler house 
contains more men cleaning and polisliing than looking 
after the boilers. 

Such ultra-scientific''methods are only possible with 
pulverized fuel because of the ease of control, and it 
is understood that, with the four new boilers now being 
erected, there will be one instrument board only and 
one operator to control the working of a plant capable 
of evaporating over 800 000 lb. of water from and at 
212® F. per hour, a normal long-period overload being 
226 000 lb. of water per boiler per 4iOur. In an 
emergency, over 1 000 000 lb. of water per hour can 
be handled on Ihe plant for long periods. 

The normal winter load on this present plant is 
13 000 000 lb. of steam per day, i.e. about 8*6 lb. of 
water from and at 212® F. per sq. ft. of heating surface 
per hour, but 14*6 lb. can be taken as an overload. 
All the make-up is pure distilled water, of which on 
the average 1 380 tons per day is used, the evaporator 
room being 360 ft. long by 60 ft. wide, containing 
a double row of 9 evaporators connected in parallel, 
the heating being obtained by steam coils. As a con¬ 
sequence, since scale is eliminated and as the pulverizetl- 
fuel plant is absolutely reliable, these boilers are normally 
run for six months continuously and have often been 
in operation for nine months, whilst there will be no 
maintenance cost for three years. The present plant, 
as already stated, consists of 4 boilers of 26 600 sq. ft. 
heating surface, each unit being entirely independent 
with its own superheater and steel chimney, boiler- 
feed circuit, control panel, etc. The boiler's are of 
the Ladd type having five drums, viz. four steam, and 
water drums and one top steam-rcollecting drum. The 
boiler house containing the 4 boilers is 360 ft. long 
by 225 ft. wide, the roof being 120 ft, from the ground. 
The four steel cliimne 5 rs are each 327 ft. high above 
the ash-level floor and 11 ft. internal diameter. The 
boiler house is divided into four main floor-levels, 
in addition to intermediate gangways. The top iloor 
is the conveyer floor, to which the pulverized coal is 
brought from the adjacent pulverizer house by means 
of spiral conveyers and delivered to the pulverized-coal 
bunkers underneath, these bunkers having a capacity 
of 1 100 tons or about 4 days' supply. At a dj,stanco 
of 65 ft. below this level is the boiler-operating floor, 
whilst the next stage is tlxe steam-pipe gallery floor, 
and finally the ash-level or ground floor* In each 
case the complete unit of the boiler, superheater setting, 
and steel chimney, weighing about 1 000 tons, is hung 
bodily on the structural steelwork of the building* 
The total height of the boilers from the asji-pit floor 
to the top of the superheater steam piping is 82 ft. 9 in. 
and the floor space of each boiler is 29 ft. by 31 ft. 
The combustion chamber is approximately 23 ft, 
by 24 ft., and 66 ft. high, corresponding to a combustion 
volume of 6 cubic feet per rated American horse-power, 
whilst the pulverized plant has a capacity of 760 tons 
of coal per 24 hours, the pulverizer building being 200 
ft. long, 60 ft. wide and 109 ft. high. It is estimated 
that the total cost of the River , Rouge power plant 
and its subsidiary generating, transforming and dis- 
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Table 9. 


[A) Boiler House* 

Total toL {American) of coal consumed = 16 311. equivalent to 13 670 tons (EngUsh): 


Class of labour 


First assistant engineer .. 
Boiler room engineer 

Watch engineer. 

Ditto . 

Ditto 

Boiler room assistant engineers 


Furnace operator 
Ditto 
Ditto 
Ditto 
Ditto 
Ditto 
Ditto 


Instrument man .. 
Boiler feed pumpman 
Ditto 
Ditto 


Oiler, feeder drives, etc. 
Ditto 
Ditto 


Boiler room helper 
Ditto 
Ditto 
Ditto 


Ashman 

Ditto 

Ditto 


Miscellaneous labour such as cleaning 
boiler plates, blowing tubes, sweeping, 
etc. 


Boiler room total 


Number Hours 

of men 


1125-6 0-770 (av.) 


0-678 (av.) 


0-663(av.) 


0-642(av.) 1 


98-81 

212-60 

44-00 

47-60 

44-00 

418-76 


161-28 

17-04 

182-78 

166*24 

326-68 

148-20 

67-28 


136-93 

139-20 

163-43 

173-90 


76-64 

106-63 

42-21 


0-446 (av.) 


0-474(av.) 



0-664 (av.) — 


0-610 (av.) 


_ . Cost per ton of 

lotai I Qoal 


866-66 


1067-60 

136-93 


466-63 


224-28 


61-03 

92-72 

331*96 


200*97 

317-20 

33-60 

3-16 

207-26 


262-86 


476-71 



762-08 


4260-44 
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Table 9 — continued. 
(B) Pulverizing House. 


Total tons (American) of coal consumed 16 3H, equivalent to 13*670 tons (English). 


Class of labour 

n 

Number 
of men 

Hours 

Rates 

Amount 

Total 

Cost per ton of 
coal consumed 

Mill room foreman 

Operation and maintenance man 


234-5 

176 

% 

0-80 

0-73 

% 

187-60 

128-48 

1 

187-60 

cents 

1-22 

Ditto 

Ditto 

H 

160-6 

114 

0-67 

0-65 

100-84 

74-10 



Total 

■ 

440-6 

0-688 (av.) 


303-42 

1-98 

Mill operator . 

I^itto 

■■ 

223-6 

0-66 

147-61 




230-6 

0-66 

149-83 



u 

224-0 

0-70 

166-80 



Total . 

3 

678-0 

0-670(av.) 

IHH 

454-14 

2-96 

Drier operator. 

Ditto . 

1 

208 

0-64 




1 

224 

0-68 




Total 

2 

432 

0-608(av.) 


263-04 

1-72 

Fuller-Kinyon pumpman 

Ditto 

1. 

234 

0-60 

140-40 



2 

446 

0-68 

268-10 



Total . 

3 

679 



398-60 

2-60 

Bin man .. 

Ditto. 

Ditto. 

1 

204 





1 

1 

160 

*238 


M 



Total . 

3 

692 

0-692 (av.) 


360-18 

2-29 

Relief man . 

Conveyer man, pulverizing house 

B 

170-6 

96 

0-63 

0-61 

107-42 

68-66 

107-42 

0-70 

Ditto 

Ditto 

■ 

216 

207 

0-66 

0-68 

120-96 

120-06 



Total . 

3 

619 

0-678(av.) 


299-68 

1-96 

Crusher, shaker, inclined conveyer, J 

1 

*209 

0-64 

133-76 



1 

202 

0-66 

127-26 



operating, cleaning and oiling ] 

1 

186-6 

0-60 

111-90 



1 

1 

224 

0-64 

143-36 



Total . 

4 

821-6 

0- 629 (av.) 


616-28 

3-37 

Pulverizing house: Total 

23 

4667-0 

0-631 (av.) 



'^8-80 

Total for complete boiler plant. 







Boiler room . 

63 

6 987-6 

0-610(av.) 


4260-44 

27-83 

4) 

CO 

1 

8 

1 

23 

4 667-0 

0-631 (av.) 


2 880-06 

18-80 

Grand Total , .. 

86 

11664-6 

0- 618 (av.) 

— 

7140-60 

46-63 
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tributing station is very nearly 110 000 000, and the 
present extensions, including the duplicating of the 
boiler plant, will cost another $6 000 000. The Ford 
works employ abovt 40 000 people and turn out 
normally 5 000 cars and 600 tractors per day. One 
of the problems is to handfe the private cars of 
the employees, which are parked in acres of ground, 
and the works include 300 miles of railway, which 
is to be electrified by the Ford staff. It is, therefore, 
rather a striking commentary that the Ford Co. 
should have adopted pulverized fuel, and also be 
at present doubling the plant. For reasons of this 
kind, therefsKTe, it is very difficult to give a really 
fair comparison as regard net efficiency, since the 
control with pulverized fuel is infinitely easier than 
mechanical stoking, a substantial advantage not possible 
to express in figures. 

(8) Labour cosfe.—The net result of long experience 


at a total wage of $7 140-60, equivalent to, say, 
£1428*1 per month, corresponding to a total cost of 
$0*466 per American ton or 26d. per English ton on 
the basis of American wages. r 

As already stated, the average wage in Milwaukee 
in 1922was $0* 620 (2s. 7d.) per hour. Th^ is, however, 
more t han double the wage in Great Britain, so that 
the British wage cost per ton is about Is. 2d. 

The exact labour costs of Another large modem 
pulverized-coal installation of 3 000 h.p. described in 
a recent report by H. Kreisinger will also be of interest 
in this connection. The figures given are for 12 months* 
running, including all stoppages, during which 43 703 
(American) tons of coal were burnt in the pulverized 
condition. As already stated, the total labour costs 
were $23 680*62 per annum, corresponding to $0*642 
per ton, and for a given month of continuous runi^g 
the labour figures for unloading, crushing, pulverizing. 


Table 10. 


Labour Costs for One Month*s Continuous Running with Pulverized Fuel. 



Hours 

Rate 

Cost per month 

Unloading cars to track hopper pulverizer 

Pulverizer miU operator (day) . 

Pulverizer mill operator helper (day) . 

Pulverizer mill operator (night). 

Pulverizer mill operator helper (day) 

Fireman. 

Boiler washer and cleaner .. 

Repair man, acting foreman of washer and cleaner 

Ash handler. 

622 

208 

208 

208 

208 

720 

416 

r 208 

208 

cents 

40 

60 

40 

60 

40 

61 

40 

60 

40 

% 

248*80 

124*80 

83*20 

104*00 

83*20 

"367*20 

166*40 

124*80 

83*20 


Total 


$1386*60 
(= $0*439 per ton) 


at the Lakeside station is that the total labour and staff 
costs are about $0*466 per American ton (2 000 lb.), 
corresponding to 26d. per English ton (2 240 lb.) on the 
basis of American wages and conditions. The average 
rate of wages in Milwaukee (1922) was $0*620 (2s. 7d.) 
per hour, so that in Great Britain, where the wages 
are less than half, the total labour cost would be about 
Is. 2d. per ton, whilst the corresponding figure in 
Great Britain for mechanical stoking is at least 
20 per cent higher. 

The detailed labour figures at Lakeside for a typical 
month (April 1922) for the complete boiler installation, 
divided into (A) boiler house, and (B) pulverizer house, 
are given in Table 9. 

The total staff in the boiler house is 63 men at 
a total wage of $4260:44, equivalent to, say, £862 
per month, corresponding to a total cost of 27*63 
cents per American ton (2000 lb.), or l6d. per English 
ton (2240 lb.) on the basis of American wages;. 

The total staff for the complete boiler house, 
boilers and pulverizing plant together, is 86 men 


drying, boiler washing, and ash handling, for the burn¬ 
ing of 3 160 tons, are given in Table 10. 

In the first place these figures confirm in a striking' 
manner those given previously by various American 
advocates of pulverized fuel, for example by Mr. N. C. 
Harrison, already, mentioned. Again, Scheffler and 
Bamhurst stated that, as a typical example with a 
plant of 100 tons per 24 hours and wages at $0*400 
per hour, it would take 34 labour-hours to prepare 
the fuel and deliver it to the conveyers, at a cost of 
$0*140 per ton. At Lakeside, a plant of 660 tons 
per 24 hours with labour at $0*620 per hour in 1918, 
the figure was 18*80 cents (9*60d.). 

It is particularly difficult also to give fair average 
general figures for labour costs, because these decrease 
at a rapid rate as the size of the plant increases, and 
the rate of wages varies considerably. Thus it is 
stated that at $0*400 per hour, for a plant of 1000 
tons per 24 hours, the labour costs in preparing the 
fuel would only be 115 labour-hours qr $0*04 (2d.) 
per ton. With an extremely large plant of 6 000 tons 
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per 24 hours this would be further cut down to |0*026 
(l‘25d.) per hour. 

The same difficulties apply, of course, to mechanical 
stoking. Tj^e actual detailed figure at Dalmamock 
for 14 months, with a total of 78 men employed, was 
approximately 19-Od. per ton at 34 per cent load factor. 
Under better conditions of output this figure would, 
of course, be somewhat improved, but based on these 
comparative figures alid the opinion of many American 
engineers it can be stated that, at any rate for a large 
plant'of, say, 40 000 kW, and with scientific supervision, 
pulverized fuel is lower in labour costs to the extent of 
sonething like 20 per cent. 

(9) Amount of power consumed in the preparation of 
the fuel, —^The net result of many months* records at 
Lakeside covering the preparation and consumption 
of nearly 500 000 tons of pulverized fuel since the 
station opened, is that the total auxiliary power used 
for handling, crushing, dr 3 dng and pulverizing the fuel, 
including that used for lighting and other incidentals, 
is equivalent to 2*13 per cent of the steam production 
of the plant, the preparation of the pulverized fuel 
accounting for only 1*75 per cent, which figure has 


plant can in practice be run almost entirely at night 
when the load on the station is light, thus storing up 
fuel for the heavy day loads, so that with a little care 
in management the real net cost* of the power used is 
extremely small, as course the light-load losses of 
the stations are in any case continuous, and tlie value 
of the actual power used is practically nil. However, 
for the purpose of argument we can take the power 
at its full value, that is as if deducted from the day 
load available for sale. 

With regard to drying, as previously stated, the rotary 
driers at Lakeside take the equivalent of about 1 per 
cent of the steam generated, but thes5 are already 
obsolete. The new vertical driers, using 10 per cent 
of the waste chimney-gases, require merely 3 kW per 
ton of coal for the fans to maintain the drying current 
of mixed hot gases and air through the drier. 

Some interesting facts have been brought to light 
as the result of the extensive experience obtained 
concerning the drying of coal and the amount of moisture 
that can be left in. It is now known, for example, 
that tlie difficulties of drying are chiefly caused by the 
extraneous or added moisture and not so much by 


t 

Table H. 


Cost of Power used in the Pulverizing Building at Lakeside, Milwaukee, (American ton = 2 000 lb,). 


Month 

lighting 

Power 

Total units 

Coal used 

Units per ton 

Cost iK*r ton at 

O'O cent i>er kWh 

February ^. 

March .. 

April .. 

May .. 

kWh 

13 220 

14 324 

13 192 

8 114 

kWh 

314 470 

366 376 

377 667 

370 684 

kWh 

327 690 

380 700 

391 679 
’ 378 798 

tons 

14 118 

16 996 

15 311 

16 708 

kWh 

23 2 

23- 7 

25*6 

24- 0 

emits 

11*60 

11*86 

12*76 

12*00 


now, however, in the case "of the Lopuleo system, 
generally been reduced by the new vertical drying, 
using merely the waste-heat gases. The net figure is 
about 1 per cent of the steam production of tlie plant, 
equivalent to about 19|- kW. per ton of coal. As 
previously pointed out, these are also the actual guarantee 
figures for Vitry. 

The figures at Lakeside are well illustrated in Table 11, 
winch g^ves the exact cost of light and power in the 
pulverizing building, with the output of dried and 
pulverized coal, together with the cost of pulverizing 
per ton, for four separate months (February to May, 
inclusive) in 1922. 


Taking a typical month, that of May 1922, the exaci 
amount of power used in the station, as recorded by 
a battery of meters, is shown in Table 12, the total 
number of units generated being 20 299 000. 

It will be seen, therefore, that the total auxiliary 
power for all sources on the entire Lakeside station, 
me u mg, of course, the turbine plant, amounts to 
• 97 per cent of the power generated. Of this amount, 
oweve:^ only 1-75 per cent is used for the actual 
prep^ation of the pulverized fuel, and 0-38 per cent 
auxiliaries, such as handling the fine 

steam generation. 

At should also be mentioned that pulvmzing 


the natural moisture. For example, if a coal at the 
pit face contains in its natural state 3'-4 per cent of 
moisture it is not necessary to dry it down to 2 per 
cent of moisture, as in the case of a pulvorizor coal- 
fired boiler plant near the pit-head. If, however, the 
coal contained, say, 1 per cent of moisture and 3 per 
cent of moisture was added due to exposure to the 
weather, then this coal would not work efficiently 
in the process and it would be necessary to dry it 
down to 2 per cent. Most coal, of course, conbiins 
6-10 per cent of moisture, but a large part of this is 
extraneous moisture. 

It can be taken as authentic that the auxiliary power 
consumption of a large, modern, pulverized-fuel instal¬ 
lation for all practical purposes is a maximum of 
19J kW per ton, equal to, say, 1 per cent of steam 
production of the plant, divided, in the case of the 
Lopuleo system, as follows :— 


Pulverizing mills 
Conveyers 
Vertical driers 
■ Fans .. 


Pulverized-coal feeds 


12-0 kW 
1*0 
2*7 „ 


Total 


19-5 kW 
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As regards mechanical stoking, it is, as usual, difficult 
to obtain authentic figures. The different methods 
by which auxiliary steam or power may be taken by 
a mechanically-fired nvater-tube boiler plant are given 
in Table 13, together with what jpay be considered to be 
average figures for the equivalent steam production. 

Several of the items, viz. 6, 6 and 8, are common to 
both systems of firing, and of course many plants 
are not equipped with items 7, 8 and 9, and, as 
previously stated, the latest type of mechanical stoker 
requires less than 1 per cent for items 3 and 4 together. 


stations to this question of auxiliary power. In many 
industrial plants the figures are most unsatisfactory, 
often over 10 per cent of the steam generated being lost 
in the firehole. 

In general, therefore, pulverized fuel certainly results 
in no more auxiliary power being used than in mechanical 
stoking, and many of the previous ideas held on this 
question were quite erroneous. 

(10) Maintenance costs.—With ffegard to maintenance 
costs, wear and tear and breakdowns in the preparation 
plant, damage to the firebrick linings and settings. 


Table 12. 

Total Actual Electrical Energy used at Lakeside as recorded by Meters. May 1922. 


Output of station ==: 20 299 000 kWli generated (gross). 


• 

440 volt 

250 volt 

Total 

Percentage 
of turbine 
room units 

Percentage 
of total 
station units 

Percentage of 
total units 
generated 

Turbine Room. 

Turbine room lighting . 

kWh 

kWh 

kWh 

percent 

per cent 

per cent 

5 933 

, 979 

6 912 

1-87 

0-86 

0-03 

Turbine room auxiliaries .. 

361 440 

— 

361 440 

98-13 

44-81 

1-78 

Emergency exeiter No. 1 .. 

— 

2 

2 

— 


’ ■ " 

Emergency exciter No. 2 .. 

— 

— 





Total turbine room power 

367 373 

981 

368 364 


. 45*67 

1-81 

Boiler House. 

Boiler house lighting . 

Boiler house auxiliaries. 

6 934 

489 

6 423 

8-43 

0-80 " 

0-04 

69 760 

— i 

69 760 

91-67 

8-66 

0*34 

Total boiler house power. 

76 694 

■jH 

76 183 

100-00 

9*45 

— 

Pulverizer Building. 






0-03 

Pulverizer building lighting 

6 933 


6 562 

1-84 

0-81 

Pulverizer mills, driers, pumps, screw con¬ 





43-34 

1-72 

veyers, drier feed motors 

344 380 


349 587 

98*16 

Total pulverizer building power .. 

360 313 

6 836 

356 149 

100-00 

44-15 

1*75 

Shaker-hammer-mill crusher, 48-in., in¬ 
clined belt . 

5 670 

228 

6 898 


0*73 

mBm 

Total pulverizing power 

— 

— 

362 047 

— 

44-88 


Station total . 

799 060 

7 534 

806 584 

— 

100-00 

3-97 


As far as Dalmamock (a typical, modem mechanical- 
stoker station) is concerned, the amount of auxiliary 
power for coal and ash handling, mechanical stoker, 
mechanism, mechanical draught, etc., was 1-68 per 
cent of the steam production of the plant, that is to 
say 0 • 46 less than that used at Milwaukee, or about 0- 66 
more than in the case of pulverized fuel with the modem 
vertical drier. Probably the average figure for British 
power station practice is 2-3 per cent of the steam 
production, inclusive of all the auxiliaries, although in 
many cases the figure is well over 3 per cent, and 
nothing like sufficient importance is attached in power 


and damage to the boiler, the experience at Lakeside, 
after nearly 3 years* mnning', is that the ideas of many 
engineers as to the excessive cost of these items for 
a modem plant have not. the slightest foundation in 
fact. Thus the total cost of repairs to the pulverizers 
has been less than Ijd. per ton, and it is claimed that 
the maintenance costs, particularly of the brickwork, 
are less than with mechanical stoking. 

The actual figures at Lakeside as regards the pulverizing 
plant are as follows, taking the results of 16 months' 
continuous running, viz. March 1921 to May 1922 
inclusive, during which period 183 046 American tons 
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(of 2 000 lb.) [equal to 163 430 English tons (of 2 240 lb 
of coal were pulverized. The repairs, of which the 
most detailed record was kept, included the following 
number of balls replaced in the pulverizers:— 

Mifl No. 1.12 balls 

.. 17 


Mill No. 


MiU No. 3 .. 

.. 13 „ 

•Mill No. 4 .. ‘ .. 

.. 12 „ 

Mill No. 6 .n 

.. 16 „ 

Mill No. 6 .. 

.. 6 „ 

Mill No. 7 .. 

.. 9 „ 

Mill No. 8 .. 

.. 4 „ 

Total .. 

.. 89 balls 


The price of these balls is {16-26 each, so that the 
total cost is $1 446 • 26, say about 0-40d. per ton of coal 
for pulverizer ball replacement. 

Table 13. 

Mechanical Stoking. 


of over two years at Lakeside, that the wear and tear 
on the modern type of brickwork is now less with 
pulverized fuel than with mechanical stoking, chiefly 
because of the water screens and the hollow air-cooled 
furnace walls. ^ 

This conclusive experience at Lakeside confirms 
tile previous experience on other plants that under 
proper conditions—whidi there is no difficulty in 
attaiaing—pulverized fuel actually costs less in main¬ 
tenance charges than mechanical stoking. 

Scheffler and Bamhurst maintained in their paper 
of 1919 that pulverized coal is less liable than mechanical 
stoking to cause breakdowns and excessive wear and 
tear, because nearly all the mechanism^ outside the 
furnace, wliilst the Allegheny Steel Co., for example, 
have run boilers on Lopulco pulverized fuel for four 
yearn with only trifling repairs. Also the Lima loco¬ 
motive works in Ohio ran 3J years and the Oneida- 
street plant a similar period before the settings were 
rebuilt. There is no sign of damage to the boilers, 
md this is purely an exaggeration so far as modem 
installations are concerned. 


Source of auxiliary steam or power used 

Average steam or power 
consumption, expressed 
as percentage evapora¬ 
tion of the plant 

(1) Coal conveyers. 

0-60 

(2) Ash conveyers. 

0-26 

(3) Meplianical stoker mechanism .. 

0-60 

(4) Mechanical draught 

1-60 

(6) Boiler feed pump 

1-00 

(6) Water - softening plant and 


accessories 

0*60 

(7) Economizer scrapers (with cast- 


iron tubes) 

010 

(8) Electroli^tic corrosion treatment 

0-60 

(9) Soot cleaners, and other minor 


uses 

0*01 

Total . 

4*86 per cent 


Table 14. 


Output of Pulverizing Mills for the Months Noveniber 1921 
to May 1922 inclusive. 



Tons 

Hours run 

Tons 
per hour 

Noveniber 1921.. 

13664*65 

3213-25 

4*22 

December 1921.. 

11676-90 

2499-92 

4*63 

January X922 .. 

14910*60 

2776-60 

6*36 

February 1922 .. 

14118*26 

2016-25 

7^00 

March 1922 

16996*66 

2239-60 

7*14 

April 1922 

16311*19 

2419-26 

6*33 

May 1922 

16706*60 

2481-26 

6*33 

Total 

101183*66 

17 646*92 

6-73 




(av.) 


There were also replaced during the period October 
1921 to May 1922 inclusive (8 months) two rings, one 
in No. 1 mill and one in No. 2 mill, at |420 each, 
equal td a total of {840, and during this period 116 630 
American tons (of 2 000 lb.), equivalent to 103 240 
English tons (of 2 240 lb.), were pulverized, the 
cost per ton for new rings therefore being 0'39d. 
Finally, from March 1921 to May 1922 inclusive (16 
months), when, as already stated, 183 046 American 
tons (of 2 000 lb.), equivalent to 163 430 English tons 
(of 2 240 lb.), were pulverized, two new sets of drive 
gears were required, one for No. 1 mill and one for 
No. 4 mill, costing {661 per set, a total of {1 302, 
corresponding to about 0»38d. per ton of coal. The total 
cost, therefore, of repairs to the pulverizing plant for 
over 12 months* running is about l-17d. per ton. 

As sho’\^g the steady running of the pulverizers. 
Table 14 gives the output figure for 7 months. 

With regard to the brickwork, it is strongly claimed 
by Mr. Anderson, as a result of a detailed experience 


The results at Milwaukee therefore show that the 
opinions often held, especially in Great Britain, that 
pulverized fuel causes excesrive wear and tear and 
depreciation, together with continual repairs and costly 
breakdowns, are entirely erroneous. On the contrary, 
pulverizing mills have ground millions of tons of coal 
at only a trifling expense for repairs, and the costs of 
setting and brickwork are, as already stated, now claimed 
to be less than with mechanical stoking, always pro vidingi 
of course, that both methods of control and the equips 
ment are on modem lines. 

Mr. Anderson gives it as his opinion that pulverized 
fuel has the advantage from the wear-and-tear point 
of view in that no ironwork—except the actual burners— 
is near the heat, and it is a string commentary that 
the Lopulco guarantees are now stated to cover three 
years* life for the brickwork, a period for which no 
mechanical-stoker firm could give a guarantee with 
ordinary solid furnace walls. 

There is no question also that a careful consideration of 
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the mo&t modern American pulverized-fuel installation* 
shows a smaller percentage of stand-by plant than 
in the case of mechanical stoking. Thus at the River 
Rouge plant of four boilers, three are working regularly 
and often four, and'^at the Trenton Channel station 
one boiler will be a stand-by^ out of six. On very 
large boilers it is impossible to work mechanical stokers 
continuously as can be done with pulverized fuel, 
and a breakdown of a large stoker (which occasionally 
happens) is apt to be a very serious matter. To-day, 
of course, the tendency is practically to eliminate 
boiler breakdowns by the use of only pure distilled 
water for the make-up as well as for the main supply. 
At the Ford plant, as already stated, the boilers are run 
for 6-9 months without a stop. This is easily possible 
with distilled water and pulverized coal, but not with 
distilled water and mechanical stoking, because the 
latter is now more liable to breakdown, the best 
mechanical-stoker figures being 90 days, at Colfax. 


fuel to the extent of over 3 000 000 tons p^ annim for 
steam generation, some of the largest and most efficiently 
managed power plants in America being concerned. 

It is, of course, agreed that reasonable precautions 
must be taken. Thus all bins, conye^Ters, storage 
hoppers, driers and pulverizers are required to be dust- 
tight, and no wood must be used in the buildings, 
which have to be kept absolutely cleair and free .from 

coal dust. ^ 

This, however, is easily accomplished by means of 
vacuum cleaners, and various modifications in the design 
of the buildings have been introduced; for example, 
all the spars and girders are arranged so that dust 
cannot lodge on them and fall down in a shower. 

Again, in a modern installation the pulverized fuel 
is only mixed with any considerable quantity of air 
immediately at the burner. Pulverized fuel itself in 
bulk is not particularly dangerous, but only when 
mixed with sufficient air in the form of a cloud. 


Table 16. 


Figures given by Scheffler and Bamhurst for the Cost of Preparation of Pulverized Fuel, per ton. 



lOO-ton-per-Sd-hour 

plant 

1000-ton-per*2i*hour 
plant 

Power: 17 kWh per ton net, at 0*76 cent per kWh.i* 

Labour : 40 cents per hour.‘ 

Coal for drying, at ?5 per ton delivered .. 

Repairs .. 

S 

0-1275 

0-1400 

0-0600 

0*0700 

f 

0-1276 

0*0400 

0*0600 

0-0700 

Total cost of pulverizing.' • 

0-3976 

0*2976 

r 

Interest at 6 per cent .. ... .. ^ • 

0-1060 

0*1200 

0*0360 

0*0390 

0-0400 

0*0130 

Total net cost per American ton (2 000 lb.) 

I0-6676 

<0-3896 


As usual, it is very difficult to get corresponding 
detailed cost figures for mechanical stoking, but the 
maintenance is obviously greater than with pulvOTzed 
fuel, even under the most modem conditions. In both 
systems the number of crushers and coal conveyers 
will be about equal, together with the fans and trun^g, 
and the repairs to the brickwork and settings are less 
for pulverized fuel. The repairs to the average 
mechanical stoker mechanism are apt to be very heavy 
under ordinary conditions, and in the case of cylindrical 
boilers sometimes simply ruinous, but the author has 
not sufficient authentic data to suggest an average 
figure for high-dass stoker performance. 

(11) Danger of explosiom and fires. —^It is generally 
agreed in America that this, whilst naturally more 
pronounced than in the case of mechanical stoking, 
is not now a serious matter. There has been no explosion 
in any modern plant, and no serious fires, and the 
possibility of danger will not prevent, as already seen, 
the adoption within the next few months of pulverized 


It is interesting also to note that the horizontal 
revolving drier has been responsible for most of the 
fires that have occurred, especially the. completely 
obsolete pattern in whidi hot gases from the auxiliary 
furnace passed through the coal itself. Thus the coal 
often became ignited and the flames passed back to 
the pulverizer. The later types of rotary drier, as 
used at Lakeside, are of the double-shell variety in 
which the flames and hot gases pass between an inner 
and outer shell and never come into contact with the 
coal passing inside the drier. This type resulted in 
a big reduction in fires, and the new vertical drier 
already described will practically eliminate these 
altogether since there is no longer any need for an 
external furnace. . i 

(12) Ash troubles. —^With regard to the question of 
fine ash being blown all over the inside of the boiler 
plant installation, in the first place the distribution of 
the ash at Lakeside is found to be such that 25-60 
per cent of the ash falls to the bottom of the combustion 
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chamber, 2&-35 per cent is caught in the chimney 
base, and 12-25 per cent is blown out of the top of 
the chimney. The idea that 60 per cent or over is 
discharged from the chimney is not correct, unless 
the plant is forced much above the normal evapora¬ 
tion. 

Of course, in comparison with the early types of 
plant the use of a very large combustion volume 
combined with the zone system of design has meant 
the rapid slowing dowh of the pulverized-fuel current, 
so that a large proportion of the ash separates before 
the boiler tubes are reached and is thus deposited in 
the bottom of the furnace. 

On the average about 17j per cent of the ash seems 
to be discharged from the chimney top, but it is in 
the form of an excessively finely divided, flocculent 
powder. As already stated, about 66 per cent of 
the coal is pulverized sufficiently to pass through a 
200-mesh screen, so that the resulting ash must be 
much smaller. There seems to be no question that 
the combustion of the coal is so rapid that the particles 
have not time to soften and stick together, so that, 
if the coal contains 10 per cent of ash, the diameter 
of the ash particles will be approximately 1/4000 inch. 

It is stated that modern pulverized-fuel installations 
in America give no trouble at all in this respect and 
that the 12-26 per cent of the ash is never seen agaia, 
even in the most crowded .centres. It must also be 
remembered that quite a considerable amount of ash 
and partially burnt fuel already goes up the chimney 
where mechanical stoMng is used. This is, in fact, 
an intolerable nuisance in some cases because of the 
short steel chimneys now sjo largely used and also because 
of the large size of the particles. In the author’s 
opinibn there ought to be included in a proper boiler-tes^ 
code some method of determining this solid material 
in the chinmey gases. In a recent careful test in the 
United States it was discovered that with mechanical 
stoking no less than the equivalent of 3 per cent of 
the coal fired was discharged from the chimney top. 
This is quite as much as with pulverized fuel, except 
that the latter has the advantage of being in the form 
of an impalpable powder* 

. It is, of course, possible that some day all clumneys 
will be required to prevent the emission of both blacfe 
smoke and solid particles, so as to purify the air, but, 
generally speaking, pulverized fuel should not present 
any more difi&culties in this respect than other methods 
of firing. 

The trouble of slagging, as already pointed out, has 
been completely eliminated by the water screen, as 
shown also by the low cost of maintenance of the brick¬ 
work, 

(13) Capital costs, —^The author is unfortunately not 
in a position to give, authentic figures for the comparative 
costs of mechanical stoking and pulverized fuel in Great 
Britain, in any case always a difficult matter to deal 
with in a general way, because of differences in the 
local conditions and the size of the plants. Taking, 
however, the erection of a new power station, as far 
as the 'author can ^certain the cost of a pulverized- 
fuel equipment (including . coal-handling plant, coal 
crusher, conveyer to crushed coal bunkers, crushed 


Table 16. 

Revemte Expenditutc at Dalmarnock, 
Comparison costs for March 1923. 





Cost per unit delivered 

Average 
for year 

Preceding 

montb 

March 

1928 

Operation :— 

d. 

d. 

d. 

Coal . 

0-1654 

0-1642 

0*1643 

Coal handling .. 

0-0061 


0-0062 

Ash handling .. 

0-0038 


0-0033 

Water. 

0*0008 


0*0009 

Oil and stores .. 

0*0019 


0*0017 

Shift wages and salaries 

0*0133 


0-0132 

Maintenance and repairs :— 




Buildings: Wages 

0*0036 


0*0049 

Material .. 

0*0012 


0-0014 

Engine room ; Wages .. 

0*0072 


0-0086 

Material 

0-0018 

BftSi 9 

0-0019 

Boiler room : Wages .. 

0-0087 

BBS! 

0-0096 

Material 

0-0028 

SS9 

0*0037 

On-cost charges 

0-0067 

IQi 

0*0067 

Totals. 

0-2218 

0-2166 

0-2243 

Totals (less coal) 

0-0669 


0*0600 

Units :— 




Generated ... 

17 116 800 


Delivered 

16 334 439 


Coal consumed :— 




Tons 


14 433 


Lb. per unit delivered.. 


1*98 


B.Th.U.’s per unit de¬ 




livered 


19 943 


Ashes removed :— 




Tons 


2 068 


Percentage to coal 


14*33 


Make-'up water :— 




Gals, per unit delivered 


0*044 


No, of men employed :— 




Shift: Salaries., 


21 


Wages .. 


63 


Time: Main, and repairs 


87 


Max. load at station 


66 400 


Load factor on staMon 




_ f Units delivered \ 




\Max, load x hours/ 

• 

39-63 


Total evaporation :— 




Lb. water per unit gene¬ 




rated .. .. 

204 604 630 


Lb. water per lb. coal.. 


6*328 


Calorific value of coal. 




B.Th,U.’s .. 


10 070 


Boiler efficiency, per cent 


77*9 


Station efficiency (taken 




on units delivered). 




percent - . 


71*1 
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coal tmnker, conveyer to drier, driers, conveyer to 
dried coal bunker, pulverizers, conveyers to pulverized- 
coal bins, coal feeders, burners, furnace equipment, and 
small steam ash-ejector), as compared with the same 
duty for a mechani<Sal stoker equipment (coal-handling 
plant, very large overhead bunkers, trunking to stokers, 
mechanical stoker equipment and accessories, furnace 
equipment, and large ash conveyers), depends very 
largely on the size of the installation. 

Very roughly, pulverized fuel costs more than 
mechanical stoking for comparatively small plants of, 
say, , less than 6 000 kW, at 10 000 kW the difference 
is very slight, and over this there is no difference, 
whilst in tfife very largest plants pulverized coal is 
cheaper. Generally, however, there is not much 
difference as regards capital cost. 

Most certainly tlie idea that pulverized fuel requires 
extensive stand-by plant is entirely wrong, and 
pulverizers, driers, burners, etc., do not break down 
or need any more reserve plant than mechanical 
stoking, each boiler now having a drier and pulverizer 
just as it has a mechanical-stoker equipnaent. 

It may also be pointed out that in the case of the 
latest type of Lopulco installation such as at Vitry, 
the combined vertical gravity driers and pulverizers 
are placed on the boiler-house floor, and occupy very 
little more space than mechanical stokers and 
accessories, being quite different, from the point of 
view of buildings and foundations, from the old- 
fashioned central pulverizing plant and long rotary 
drier. 

General Operating Figures. 

The additional figures given below, being the total 
operating costs of pulverized fuel and mechanical 
stoking, will also be of mterest after studymg the 
Lakeside performance. 

Scheffler and Bamhurst in their 1919 paper presented 
figures for the cost of preparation of pulverized fuel 
(see Table 16). These agree remarkably well with 
those at Lakeside, taking the different labour, coal 
and power costs into account. 

The recent report by .Henry Kreisinger, already 
mentioned in connection with labour costs, on the 
full details of the performance for 12 months’ continuous 
running of a pulverized-fuel-fired boiler plant of 3000 
h.p., burning 43 760 tons of coal per annum is valuable, 
as g^iving the long period results on another large modem 
plant. 

(1) Coal used^ high grade Eastern (America) 

" coal/bituminous screenings 

Fixed carbon, per cent 
Volatile matter ,. 

Ash 

Moisture (as received) 

B.Th.U.’s (as received) 

B.Th.U.^s (dry basis) 

(2) Coal burnt .. 


$224 709-39 
7 216-00 
7 271-88 
c 13 330-30 
23 680*62 


(6) Total operating costs :• 

(^x) Coal • * 

(6) Repairs 
fc) Supplies 
(d) Water ^ 

{e) Labour 

$276 207-99 

(6) Operating Costs per 100 lb. steam $0*324 

(7) Total capital charges at 20 p^r cent $62 799*66 

(8) Total inclusive cost of operation .. $329 007*66 

(9) Net cost per 1 000 lb. steam .. $0*386 

In a given month the cost of labour, power, unloading, 
drying, pulverizing and conveying, exclusive of overhead 
charges, was $0*470 per ton. 

Scheffler and Bamhurst give the following as average 
figures for the costs of operation of mechanical stokers 
in the United States, taking a large plant of 1 000 tons 
(American) of coal per 24 hours. 

Power for stoker, 2 per cent of the total $ 

boiler horse-power developed .. .. 180*00 

Power for mechanical draught, 2 per cent of 

the boiler horse-power developed .. 180*00 

Coal-handling : 100 kW at 0*76d. per kW 18*00 
Labour for coal-handling: 2 men per shift 

(3 shifts) at 40 cents per hour .. .. 10*20 

Repairs for stokers at 30 cents per boiler 
horse-power per annum • • • • • * 17*60 

Repairs for coal-handling equipment .. 10*00 

$424*70 


(3) Water evaporated .. 

(4) Water evaporated from and at 

212® F, per lb. coal.. 


48-'3 
33*4 
13*0 
6*2 
11771 
12 414 
43 703 tons 

(Am.) 
864 168 170 lb. 


9-76 lb. 


Total cost of operating, per ton; $0*426 

Finally, the exact cost of Dalmamock for an average 
*12 months* running and also for two t 3 rpical months 
is given in Table 16, the average load factor on the 
station being 34 per cent, as already stated. 

Conclusion. 

The position with regard to pulverized-fuel fimg 
for steam generation in comparison with mechanical 
stoking may therefore be summed up ^ follows 

(1) Efficiency -—^Under the best conditions pulverized 
ifuel gives 86 per cent efficiency, and mechanical 
stoking 81J per cent, representing 6J per cent saving 
in the yearly coal bill. Pulverized fuel is, however, 
much easier to work in obtaining these figures, and 
under ordinary conditions the saving is 9-10 per cent, 
and in most existing stations would be 16-20 per cent. 

(2) Unbumt fuel in the as^.—With pulverized fuel 
the figure is 0*40-0-74 per cent of unburnt carbon, 
while with mechanical stoking it is 2-0 per cent under 
good conditions, and is often 6*0 per cent. 

(3) Flexibility in fuel fewm^.—Pulverized fuel is 
more flexible in this respect than mechanical stokrng 
and gives less drop in efficiency as the coal varies. 

(4) Combined working with liquid and gaseous fuels-’-- 
Pulverized fuel will work with liquid and gaseous fuels 
in a manner not possible with mechanical stoking, 

(6) Overload and flexibility in steam outpuU--Py\veri%ed, 
fuel is much more flexible in this respect, will get up 
steam much quicker and vnXL take a heavier overload* 
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(6) Stand-by and hanking losses ,—These are almost 
entirely eliminated with pulverized coal, and, in the 


brickwork is more severe. There is, however, no real 
difficulty except in the case of anthracite with less than 


case of « nTrnVT• 1 difficulty except in the case of anthracite with less tn.'in 

® volatile matter, and it is claimed that 

cent savintTn 2-6 per this can be burned if the grinding is finer than usual, 

g'^n the coal bill. I the combustion chamber being r^uced in volume su 

as to get the maximuln help from the incandescent 
brickwork. In addition, high ash content generally 
increases the cost of pulverizing and preparation pCjr 
unit of steam output, and factors of this description 
show how complicated is the comparison. It is it 
significant fact, however, that pulverized fuel luis 
developed to such a remarkable extent in so sliort a 
time, although one has to remember tihe enormous 
amount of preliminary work that has been necessary 
to perfect the details that have finally. resulted in thi? 
present success. It is stated that one company" has 
spent over £300 000 during the past seven yeans in 
this field, which again illustrates the great experl enc<? 
American engineers have had with pulverized fuel and 
the uselessness of experimenting afresh in British pOAver 
stations with the fundamental principles of this medhod. 

Another significant fact is that many of the newest, 
most up-to-date and largest power stations in Anierinu 
have adopted pulverized fuel. Thus the Ford Compan>' 
spent two years in a most exhaustive investigation 
of the performance of almost every type of mechanical 
stok^ as compared with pulverized fuel, and for their 
conditions chose the latter. The engineers respoiisihit* 
for the Cahokia station at St. Louis also went to extrenu* 
lengths in a similar investigation, and decidc<l on 
pulverizing for the inferior Illinois coal, and 
Detroit Edison Co., well known to be one of the most 
efficient in the world in the field of power, arc only 
going to adopt pulverized coal after a similar lengthy 
consideration. Finally we have the facts that the 
Lakeside station, after three years* experience, is 
doubling tis plant, like the Ford Company; that the 
Union d Electncit6, after sending their engineers to 
America, axe installing pulverized fuel at Vitry after 
equipping the largest station in Europe (Gennevilliers) 
with mechanical stoking; and that such stations as 
Cleveland and Colfax are how, adopting the same 
pnnaple, although the latter is one of the most 
efficient stoker plants in the world. 

These facts require serious consideration, although it 
must be remembered that many of the largest American 
Rations, such as Hell Gate, Calumet, Connors SecS 
Hudson Avenue and Crawford Avenue, have ncit 
adopted pulverized fuel, whilst a limited number of 
stations axe said to be obtaining, as regards the net 
yearly performance, results nearly equal to those 
where pulverized fuel is used, and the decision to 
adopt or reject pulverized fuel has in a nvmxhor of 
cases been a very close one. * 

Pu^erized-fuel firing has, however, another vtnrv 
important aspect which is certainly not yet reali*-*./ 
The power stations of Great Britain are burninir raw 
coal to the extent of something like 7 mdlHon tons 
aimum, and are consuming in the process about Si 
million gallons of motor spirit, million barrels of 
oil (of which at least 60 pm: cent is Diesel oill 
63 000 tons of Sulphate of ammonia, which latter ouJhi- 
to be employed as artificial manure. These figures 

28 


cent saving *Ln the coal bill. 

(7) Ease of scientific control .—Pulverized fuel lends 
itself to the latest methods of scientific control from 
a distant switchboard, in a manner almost impossible 
with mechanical stok^pg. 

(8) Labour costs .—^The labour costs with pulverized 
coal are approximately 20 per cent less than with 
mechanical stoking, but much depends on individual 
conditions. 

(9) Auxiliary poiver consumption .—^The total power 
consumption in the preparation of the fuel is about 
19j kW per ton, or 1 per cent of the steam production, 
whilst the very best stoker practice is also about 1 per 
cent of the steam production; but average figures 
axe 2-3 per cent. 

(10) Maintenance costs.—It is difficult to obtain 
these figures for mechanical stoking and, in a lesser 

for pulverized fuel also. Generally, however, 
pulverized fuel is superior, and the pulverizing plant 
itself costs less than 1 Jd. per ton, wMlst the wear and 
teax on the brickwork is less than in the case of 
mechanical stoking. 

(11) Danger of explosions and fires ,—^This danger is 
now much reduced because of simple vertical driers 
and modern design of burners, but it is still greater than 
in the case of mechanical stoldng. 

(12) Ash troubles ,—With the most modem plant 
about 17j per. cent of the very fine ash is discharged 
from the chimney top, and this is stated to give no 
trouble, although opinions differ. Slagging has been 
eliminated, whilst mechanical stoking has to contend 
with the conveying of ash and clinker. 

(13) Capital costs ,—It is difficult to give general 
figures, but the situation seems to be that for smaller 
plants mechanical stoking is cheaper, that there is 
littie difference for medium-sized plants over 10 000 kW, 
whilst for very large plants pulverized coal is cheaper. 

It is, therefore, not altogether an easy problem to 
decide whether for a new plant pulveriz^ fuel should 
be used in preference to mechanical stoking, and 
especially for replacing existing mechanical stoker^. 
The efficiency is by no means the only factor, as shown 
in the paper, and in comparing the two systems of firing 
we have particularly to take into account the flexibility 
of steam^ output, the quality of the fuel, the convenience 
for individual conditions, and the running costs. 
Further, the coirect design of details, for example 
exact position of the firebrick walls, is very 
important, even when all the modem ideas described 
are embodied. 

Although the principle of pulverization is applicable 
to a very wide range of fuels, with practically no 
difference in efficiency, it is interesting to note that 
the ideal coal for pulverizing has 30-40 per cent volatile 
matter, low sulphur content, and less' than 10 per 
cent of ash, and has also a high melting point, i.e. it is 
a highly volatile fuel with low non-fusible ,ash content. 

As the volatile content is reduced, the coal is relatively 
somewhat less easy to ignite and the effect on the 
VoL. 62. 
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represent the valuable products that could be obtained 
by the low-temperature carbonization of the coal, a 
process which the author believes we shall be compelled 
to adopt in the future so as to eliminate black smoke 
and render ourselves independent of the world for 
motor spirit, oil, and fixed Iiitrogen. The residual 
low-temperature fuel, with, say, 3—12 per cent volatile 
matter (the figure depending on the process used) 
would then be available for steam generation, and is 
decidedly more efficient than coal, as it burns smoke¬ 
lessly with a high emission of radiant heat. 

Pulverized-fuel firing is of the greatest importance 
because it l<^ds itself particularly well to the burning 
of this low-temperature fuel, and would enable us 
to use economically a number of low-temperature 
processes in which the maximum oil yield is obtained, 
but where the residual fuel is already semi-pulvOTzed ^d 
not suitable for household purposes without briquetting. 

It is significant that the Ford Company are now 


Discussion before The Ins 

Sir James Kemnal: The firm with which I am 
associated followed the development of this method 
of firing with great attention, and, while the use of 
pulverized coal fills a want in many cases, we do not 
recognize it as of universal advantage or capable of being 
used in every instance, as the aulhor appears to i^nk 
is the case. The Lopulco system, in the main, differs 
only from other systems of conglomerating various 
mechanical appliances in that it embodies the water 
screen, which is, from the boiler constructor’s point of 
view, a somewhat crude arrangement. I do not know 
from practice what advantage the water screen possesses. 
We are told that it prevents the ash from forming the 
glass-like substance which was common when pulverized 
coal was first used ; but, using the unit system, we have 
found tha1?if we make the furnace 20 to 30 ft. high the 
ashes are quite innocuous and can readily be removed, 
so that it does not seem to be an advantage confined 
entirely to the Lopulco system. The fact that the nature 
of the ash varies with the nature of the coal is not 
mentioned. American coals, as a rule, axe much more 
friable than any coals with which we have to deal in 
Hurope, and that has been shown by the fact that 
whereas in England we cannot use a mechanical stoker 
more than about 9 ft. wide, in America mechanical 
stokers to a width of 24 ft. are used. The idea of 
pulverized fuel is based upon an imitation of the 
advantages obtained from burning liquid fuel, and the 
theoretical amount of air required can be ascertained 
very clo^ly. The disadvantage of pulverized fuel lies, 
however, in the amount of apparatus required. The 
author contends that a greater variety of fuel can be 
utilized than is the case with mechanical stokers. That 
is not my experience. The qu^ity of fuel that can be 
utilized in the powdered form is much more limited 
than in the case of mechanical fixing. In fact, it has been 
found that there is practically no kind of fuel that cannot 
b burnt in the latest design of Babcock and Wilcox 
stoker. In Russia both peat and Russian anthracite 
ijp^ye been burnt on it, and in England we burnt any 


actively investigating the Caracristi and Piron low- 
temperature process, which consists in carbonizing 
roughly-pulverized coal on a travelling iron-plate 
conveyer swimming on a huge bath of molten lead at 
1200 °F. The object is to recover the >^luable low- 
temperature products, particularly motor fuel, in 
which of course the Ford Company are particularly 
interested, and then to bum the residual low-temperature 
fuel, containing 10-12 per centcof volatile matter in 
the pulverized condition, under the boilers at River 
Rouge now using pulverized raw coal. * 

Finally, also, the principle of pulverized fuel is being 
actively investigated for the burning of lignites and 
Esthonian shales; for the carbonization of coal, in which 
the process is almost instantaneous, even tor low- 
temperature methods ; for the total gasification of coal 
in conjunction with steam (producer gas); and in the 
manufacture of briquettes without the use of pitch or 
other binder. 


TUTiON**, 13 December, 1923. 

small coal, even coal and coke dust. The author makes 
a great point of the higher efficiency obtained, but a 
central-station engineer does not care very much whether 
he is getting 80 per cent efficiency or 85 per cent, so 
long as hiQ total costs per unit generated are less. The 
cost of the installation, of which no mention is made in 
the paper, is a very vital matter. I take it that the 
cost is very high, probably five or six times as much as 
that of mechanical stokers of the best kind. I agree 
with the author that the cast-iron economizer has been 
an excellent servant, but the pressures that are common 
Nowadays render it less suitable. Although the. author 
may not be aware of it, there are too many cases of 
cast-iron economizers being replaced by steel econo¬ 
mizers for his assertion to be taken as representing 
altogether the facts of .the present day. With regard 
to the increase in boiler capacity achieved by the use 
of pulverized fuel, I can affirm "that th^e are many 
instances in which the same results are obtained wiih 
mechanical firing. The amount of evaporation per unit 
of heating surface is not necessarily a criterion. A 
heating surface can be so worked as to evaporate 24 lb. 
per sq. ft. We have done it experimentally, and no 
doubt it can be done for a peak load, but that is not 
the point that the designer or engineer of a central 
station has to consider. On page 386 the author says: 
? In very few power stations—at any rate in Great 
Britain—is there any real idea of the efficiency of Ihe 
steam generation from week to week.” The statistics 
published by the Electricity Commissioners show, 
however, quite a different result and make it clear that, 
so far as the generation of electricity is concerned, 
accurate records are kept which will act as a valuable 
guide. In addition, of course, there are a great many 
private installations in which the cost of power is care¬ 
fully established. The author states also that British 
power station practice is far behind that in America, but 
this is by no means my experience. Pulverized fuel is no 
doubt very good, but it is not everybody’s good luck to 
make it successful, nor everybody’s business to use it. 
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Mr. G, W. Partridge : Pulverized fuel has certainly 
come to stay. At the same time, when the author 
refers to the high efhciencies he gets, I do not think 
that he has taken into consideratioi^ all the improvements 
now being* made in the present mechanical stokers. 
I agree with Sir James Kemnal that one of the chief 
concerns of the power station engineer is not so much the 
efficiency of his boiler house as the final and total cost 
of evaporation, which should include cost of labour, 
repairs and maintenance, and interest on capital. With 
regard to the capital cost, the author simply states in 
the summary of the paper that capital costs were difficult 
to obtain. It would be instructive to learn what these 
costs are in the case of pulverized-fuel installations 
compared with the present mechanical-stoker plant. I 
am not altogether certain that a comparison between the 
American tests and those made in this country is very 
convincing. The fuel used in America is not by any 
means similar to that at the disposal of the average 
power station engineer in this country. I notice that 
the average calorific value of the American coal men¬ 
tioned in the tests was over 12 000 B.Th.U.'s. The 
engineers in the London area have hundreds of different 
classes of fuel at their disposal of various calorific values, 
etc,, and at various prices. It is of great importance 
to have a stoker that will burn at a reasonable efficiency 
any class of fuel without any preparation such as drying 
and grinding beforehand, and I can quite conceive a 
power station burning a low-class fuel at a moderate 
efficiency with a lower cost of evaporation than that 
of a station as described by the author with the high 
efficiency which he claims, but with a very much higher 
initial capital cost. Some years ago we were thinking 
of installing a powdered-fuel plant in London, but every 
engineer whom we consulted told us that one of -flie 
main disadvantages was that dust was ejected from the 
stack. The author, however, says that the ash thrown 
out is not seen again. The particular power station of 
which he speaks is situated at the side of a lake, so the 
ash probably falls into the lake when the wind is in 
the prevailing direction. The London area is a very 
different proposition, particularly when one has to 
consider the stringent rules and regulations of the County 
Council and district surveyors. At the same time I 
think that there is a great deal to be said for the use of 
powdered fuel in the future, more particularly as regards 
.Kent coal, which is mined only a short dikance from 
London and has a high volatile and calorific value. 

Mr. B. Pochobradsky; Boiler-firing is a difficult 
subject, and in endeavouring to compare systems we 
must examine very carefully the results already obtained. 
The paper compares the pulverized-fuel firing at the 
Lakeside power station with the mechanical stoker at 
Balmarnock station. It is stated that the boiler effi¬ 
ciency over an extended period at Lakeside is 85 to 
S6 per cent and at Dalmarnock 76 to 77 per cent, and 
it is claimed that this difference in the efficiencies is 
■due to the methods of firing. This claim appears to 
be erroneous, as can be seen from the figures in thB 
paper. Let us compare the test taken on the 21st March, 
4923, at Dalmarnock (Table 6) with Lakeside test 
No. 3 (Table 8). These two tests show practically 
the same COg content and therefore one difficulty 


of comparison is removed. That* is my reason for 
choosing these two tests. It should be noted lliat 
the coal used for the Dalmarnock test contained 
14*8 per cent of moisture as-^against 3*n9 per cent 
at Lakeside. The difference in moisture lias nothing 
to do with the system of firing, but incidentally it 
influences the boiler efficiency. The loss in efficiency 
due to moisture at Dalmarnock is 1*6 per cent and at 
Lakeside 0*4 per cent. Had the same coal been used 
at Dalmarnock as at Lalvcside, the boiler efficiency at 
the former station would have been 1* 1 per cent higher, 
solely on account of the smaller moisture content. A 
further and more important factor is lenipc^rature 
of the flue gases at the economizer outlet. At Dal- 
marnock this is 414® F. as against 206° F. at I.ukcHide. 

I propose again to use the author’s figures to translate 
these temperature figiu-es into efficiency figures. Table 7 
contains under No. 3 the same test as Table B. In 
Table 7 we find that the efficiency of the boiler with 
superheater is 82*6 per cent, which corresponds to a 
fiue-gas temperature of 482° F. (leaving boiler), and 
the efficiency of the boiler, superheater and economizer 
is 87 per cent, which corresponds to a fiue-gas tem¬ 
perature leaving the economizer of 206° F., In other 
words, to a difference in fiue-gas teinpcralure of 
277 degrees F, corresponds a dillereiice of 4*5 per cent 
in efficiency. Applying that to the two tests wc are 
comparing, we find tlmt the diiference in leaving 
temperature between Dalmarnock and I.aktiside is 
210 degrees F., which means a difference in efficiency 
of about 3*4 per cent. Taking the steam duties of 
the two tests into account, we find that tlic J.akeside 
boiler has 66 per cent larger heat-transmitting surface 
in the boiler and 29 per cent larger heat-transmitting 
surface in the economizer for each pound of steam 
generated. It is beyond doubt that this enormous 
diiference in the heat-transmitting surfaces of the two 
boilers is the principal cause of the leaving temperatiire 
at Lakeside being so much lower (naturally the boiler 
cost is increased) than at Dalmarnock, and, what 
amounts to the same, the principal causa of the effi¬ 
ciency of the boiler at Lakeside being higher. It is 
obvious that the extraction of heat from the flue gases, 
particularly near the exit, has nothing to do witli the 
system of firing, and therefore the increa.sc in efficiency 
experienced at Lakeside cannot be credited to the 
central pulverizing plant. The efficiency at I.akeside 
in the test under discussion was found to be 87 per 
cent and at Dalmarnock 83*56 per cent. If we correct 
the^ Dalmarnock test so as to bring it to 11 ic same 
basis of moisture in coal and the same ratio of boat- 
transmitting surfaces (or what amounts really to the 
same thing, the same leaving temperatures both of 
which factors are independent of the system of 
we find the efficiency at Dalmarnock to be 
83*56 + 1*1 3*4 88*06 per cent, as compared 

with the Lakeside efficiency of 87 per cent. It is these 
two efficiency figures which are directly comparable if 
we desire to compare the performance of mechanical- 
stoker firing and pulverized-fuel firing, cis we have 
eliminated factors which have nothing to do with the 
system of firing itself. These figures are test figures. 
We should consider as being,, more important, not the 
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test performance but a performance over an extended 
period. The boiler efficiency at Lakeside over an 
extended period is stated to be 86 to 86 per cent (or 
an average of 85*6 per cent with 60 per cent load 
factor) and 76 to 78 per cent (o;r an average of 77 per 
cent at Dalmamock with 34 per cent load factor), or, 
on the author’s assumption, 78 per cent if Dalmamock 
had the same load factor (60 per cent) as obtained at 
Lakeside. These Dalmamock figures for an extended 
period, compared with the test,figure of 83*66 per 
cent (with the actual heat-transmitting surfaces and 
coal used at Dalmamock and uncorrected), show that 
the boiler efifeiency at Dalmamock for an extended 
period is 6*66 per cent lower than the efficiency 
obtained on test. It is obvious that had the same 
wetness of coal and same ratio of heat-transmitting 
surfaces been available at Dalmamock as at Lakeside, 
this loss of 6-56 per cent would still have taken place, 
as compared with 1 per cent at Lakeside. The differ¬ 
ence, viz. 4*66 per cent, is due to firing systems, and 
it is here that pulverized fuel has a decided advantage. 
Having found that the test efficiency, reduced to the 
same coal moisture and leaving temperature as obtain 
at Lakeside, is 88*06 per cent at Dalmamock and 
87 per cent at Lakeside, we cpme to the conclusion 
that for identical boilers, but with mechanical stokers 
as installed and operated at Dalmamock on the one 
hand and pulverized-fuel firing as at Lakeside on the 
other hand, the efficiencies over an extended, period 
are : With mechanical stokers .88*06 — 6*66 =:= 82*6 
per cent, and with pulverized-fuel ^ng 86*6 per 
cent. These figures, however, do not give us the final 
comparison. It is not merely a question of heat 
efficiency that determines the respective advantages or 
disadvantages, but the final criterion is the overall 
economy. It is nec^sary to take into account the 
consumption of auxiliary power, labour, first cost of 
plant and ’ buildings, maintenance and repairs. It is 
highly probable that the first cost of plant and buildings 
for the central pulverizing plant at Lakeside is sub¬ 
stantially higher than that of mechanical stokers at 
Dalmamock, but as no figures are given in the paper 
I do not feel justified in making a comparison. I shall 
also disregard the cost of maintenance and repairs 
for the same reason, and compare only the auxiliary 
power and wages. In Table 12 the power required 
in the pulverizing building at Lalteside is given as 
1-78 per cent of the total power generated, and the 
electrical energy required for boiler-house auxiliaries is 
given as 0*34 per cent (this latter figure obviously 
not including feed pumps and fans, which are steam- 
driven). It includes the power necessary in connection 
with pulVferized-fuel firing and probably for handling 
ash. The total of tins auxiliary power represents 
2* 12 per cent. The corresponding power at Dalmamock 
is that required for the mechamcal stoker which, 
according to Table 6, is 25 kWh for 28*7 tons of coal, 
or 0*88 kWh per ton of coal. This means, assuming 
with the author that km is equivalent to 1 per 
cent of the total steam production or of total power 
production, less than 0*05 per cent of total steam or 
total power production. To this figure we ought to 
add a fraction of 1 per cent on account of ash-handling. 


which seems to have been included in the figures for 
Lakeside. We wiU assume, in the absence of correct 
comparable figures in the paper, that to the figure of 
2*12 per cent as ther consumption of auxili^y power at 
Lakeside, corresponds 0*26 per cent of power con¬ 
sumption at Dalmamock. Further, from the paper it 
appears that the wages, by using a central pulverizing 
plant, are increased by about 6d. per ton of coal, 
which means, assuming coal at 20s. per ton, 2*08 per 
cent of the total steam or power production. The coal¬ 
handling in both stations, assuming equivalent circum¬ 
stances, will show no appreciable difference, as in one 
case the coal has to be transported to the pulverizing 
station and in the other case to the boiler house. The 
boiler-house wages appear in both cases to be very 
similar, so that the overall economic efficiency, con¬ 
sidering tlie difference in auxiliary power and wages, 
becomes for the mechanical-stoker plant 82*6 — 0*25 
= 82*25 per cent, and for the central pulverizing plant 
86*6 — 2*12 — 2*08 =:: 81*3 per cent. The a.uthor 
mentions that certain improvements are obtainable 
with the central pulverizing plant, which, if they are 
realized, would make the overall economic efficiency 
equal to that obtainable with the mechanical stoker, 
disregarding the higher cost of plant and buildings at 
Lakeside. These figures indicate no superiority of 
the central pulverized-fuel plant over the mechanical 
stoker. The author’s claim that it is very much better 
and that the difference in boiler efficiency indicates 
the degree of that superiority, is a fallacy. I agree 
that pulverized fuel is better as regards flexibility and 
that it redxices the stand-by and banking losses, but 
when we compare systems of firing and means used 
tq effect such firing, we must strive to eliminate from 
our comparison factors which have nothing to do with 
the firing. On the otlier hand, we must include all 
factors which have any influence on the overall economy 
or on the total cost of the generated power. The 
main reason for the central pulverizing plant at Lake¬ 
side showing no advantage over the mechanical stoker 
at Dalmamock is in the large amount of auxiliary 
power and in the excessive wages. Had the paper 
given also the first cost, I believe that the central 
pulverizing plant would have been shown at a dis¬ 
advantage. In comparing the systems of firing, and 
particularly in speaking about pulverized fuel, we must 
remember that there are two systems of pulverized- 
fuel fifing, the central pulverizing plant and the unit 
s^rstem. The unit system will, on an average pl^t, 
show a first cost about equal to that of mechanical 
stokers and naturally substantially smaller than that 
of central pulverizing plant. On large plants the unit 
system will be cheaper than the mechamcal stoker 
and cheaper also than central pulverizing plant. The 
power consumption on the unit sy'stem will be lower 
than for the central pulverizing'plant, viz. about 
25 kWh per ton of coal, including pulverizing and 
delivery of coal and all air required for combustion 
into the furnace. This represents about 1*3 per cent 
of steam generated, as compared with 2*12 per cent 
required for the central pulverizing plant. The wages 
in the case of the unit pulverizing system will be 
substantially equal to those necessary in the case of 
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the mechanical stoker, so that the unit system is likely 
to prove superior to the central pulverizing plant and 
the mechanical stoker by about 3 per cent in the 
overall economy. To illustrate the difference in cost 
of pulverizing plants, I would tak& the figure given in 
the paper, viz. £11 562, as the cost of pulverizing plant 
to deal with 50 tons a day. A unit pulverizer for the 
same duty would cost about £800. The efficiency of 
firing, whether unit ^pulverizer or central pulverizing 
plant is used, will be exactly the same, as the per¬ 
formance of a unit pulverizer is in every respect equal 
to that of a central pulverizing plant. While even 
the unit pulverizer will not in every instance be found 
superior to the mechanical stoker in overall economy, 
undoubtedly it will prove to be so in a great many 
cases. One special case requires prompt attention, 
and that is the utilization of waste coal which can be 
burned very efficiently in pulverized form. Here the 
unit pulverizer will render particularly valuable service. 
It goes witliout saying that if the so-called waste coal 
is utilized its price will rise. On the other hand, 
the production of coal generally will be cheapened 
because the collieries will have in the waste coal a new 
source of revenue. In the end the average price of 
coal will undoubtedly' be reduced, and thus the 
pulverizer will contribute towards the cheapening of 
power production generally. 

Mr, D, Wilson: The statistics given in connection 
with pulverized fuel are very clearly set out, but I 
feel that it is a pity that the author has rather 
obscured the issue by admitting irrelevant matter. 
He states that he has carried out 400 boiler tests, but 
those of us who have studied these tests will ask what 
possible bearing they can have on the issue raised. 
The results of these tests, if accepted, only go to pro^ve 
that the operations were poor, and not necessarily that 
the design was bad. There is an underlying suggestion 
in the paper that we are lagging far behind America 
in this question of powdered fuel. The American lead 
is the Milwaukee lead, and, considering the size of the 
two countries, the rest of America seems more slow 
than England to follow this lead. We are told that 
up to the middle of 1923 only 9 Lopulco systems 
were installed, but it would have been instructive if 
the author had extended his inquiries and given some 
comparative figures. He would then have found that 
the total heating surface of stoker-fired boilers would 
have greatly exceeded his figures for powdered coal. 
What is his case ? Briefly, it is that at Lakeside the 
average day-to-day efficiency is 85 per cent, and that 
the comparable figure for stoker firing is 81-5 per cent. 
The author is well aware that a difference in degree 
of supervision in a power station may mean a great 
difference in the percentage of efficiency. In fact, he 
himself confirms this when he says that the attention 
at ILakeside is far above the ordinary. He goes on to 
say that with extremely good attention pulverized fuel 
would probably give 82*5 per cent efficiency, whereas 
the mechanical-stoker plant figure would be 75 per 
cent. This- latter figure must, I think, be a misprint. 

1 can give the author instances of day-to-day efficiencies 
.of 80 per cent with the mechanical stoker, and this 
on an ordmary plant, and not a modem one at that. 


The author admits that there has been a great advance 
in mechanical-stoker firing during the past few years, 
and I believe it is admitted in America tliat on test 
there is not much advantage, if any, in powdered-fuel 
firing. Thus we come to the ^ast claim made for 
powdered fuel, namely, flexibility. Here, however, I 
am not so sure that station engineers would be in 
agreement. Modern stokers will give a high degree of 
flexibility. The Birmingham Corporation alone burn 
about 1 000 tons of coal per day, using coal of about 
8 000 to 9 000 B.Th.U.'s, and obtain full load with 
this fuel. On the same plant they can obtain full 
overload duty when burning coke fuel whh only 5 per 
cent volatile. We have yet to learn that powdered 
fuel will cover such a range as this. The author refers 
to Milwaukee fuel, giving a figure of 11 500 to 
12 000 B.Th.U.’s as a low-grade fuel, but it would not 
be called low-grade in this countr}^. A figure of 9 000 
or even 7 000 B.Th.U.'s would come within that 
description, and we burn such coal on stokers. The 
author’s figures, therefore, are unlikely to be accepted 
as representing boiler practice in this country. Tho 
author states that the efficiency with pulverized fuel is 
86 or 86 per cent, but the Lopulco guarantee is con¬ 
fined to 84 per cent on test. If they are so certain 
that they can obtain 86 per cent day-to-day efllcicncy, 
why do they not guarantee something higher for test 
efficiency ? A guarantee given in this country under 
penalty for the test efficiency of a stoker plant i.s 86 per 
cent. I think tliat the author's quotation with regard 
to carbon ash is inaccurate and liable to mislead. In a 
well-operated station the carbon in ash docs not oxcceil 
10 per cent, which, in the case of such coal as is used 
in America, would mean a loss of under 1 per cent, 
and indeed there should be no difficulty in keeping 
the loss down to 0 • 6 per cent. I agree that powdered- 
fuel firing must receive very serious con.sideration, but 
there are many doubtful factors to be eliminated before 
the suggestions made in the paper can be accepted. 
We know that Americans arc much more ready to 
accept a new invention than we are in this coiintiy, 
but British station engineers are as capable of progressive 
endeavour as are Americans. 

Dr, R. Lessing : I should like, as a chemist, to address 
myself to one particular point, namely, the ciiiestion 
of the amount of ash in coal. It seems to me that this 
factor is very important in considering this problem. 
The disposal of ash from pulverized-fuel plants is a very 
serious problem. Even if only 12 per cent of the ash 
escarped through the chimney, it would mean that our 
vanishing smoke-problem was being replaced by a dust 
problem, I feel that the question of ash in coal—that 
is to say, the inorganic constituents of coal which we find 
in combustion in the form of ash—ha.s not received the 
amount of attention from power engineers tliat it 
deserves. From the work which I and others have been 
doing during the past six years, wc know iio-day that 
in average coal about 60 to 70 per cent of tlic fuel 
contains not more than to 2 per cent of ash. "J'he 
remainder of the coal would be rather higher in ash 
content, i.e. from 6 to 7 per cent. All the ash received 
in excess of these figures does not belong truly to the 
coal at all. It is extraneous ash which could easily 
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be eliminated from the coal at the colliery. In this 
country we are carrying from 26 million to 40 million 
tons of ash an average distance of 50 miles, and this 
engages 10 per cent of our entire mineral traffic. If 
only a portion of this ash were eliminated, either at ^e 
colliery or at some subsequent sts^e, an enormous saving 
would be effected which would allow us to pay more for 
the refined coal without adding to the ultimate cost.. 

I should like to refer in particular to the difficulty of 
grinding the mineral portion of the coal. I have figures 
which show that a clean coal would give in the grinders 
a considerably higher '* through-put than would dirty 
coal at the Qgrresponding rate. A further advantage 
would be that the erosion of the burners and also of the 
firebrick walls of the combustion chamber would be 
stopped or reduced. From all these points of view I 
think that it is one of the essentials for a successful 
solution of the powdered-fuel problem that ash should 
be eliminated. It is, I feel, rather futile for those who 
wish to promote the introduction of powdered-fuel 
installations to endeavour to persuade engineers that 
they can bum coals with a high percentage of ash. They 
are doing themselves a great injustice. It would be 
more advantageous to insist on a high grade of fuel 
^ being supplied to tjtiem. I believe that if such a reduction 
in ash could be effected the pulverized fuel would be on 
a par, or nearly so, with liquid-fuel firing and even with 
gas firing, and no doubt very great advantages would 
be realized. 

' Mr. F. F. Evans: I know from experience that there 
are very grave disadvantages in dealing with the large 
number of coals of varying qualities which are con¬ 
tinually met witli even in any one station. I know 
also that, even with the most liighly organized system 
and the best type of mechanical stoker, where 19 or 20 
classes of coal have to be dealt with it is extremely 
difficult to dbtain highly efficient results. The reason 
is, to some extent, the want of training of the operators. 
What has not as yet been mentioned in the discussion 
is the reason why pulverized fuel is bound, sooner or 
later, in this country to come to the front as a means of 
solving a great many important problems. Turbines 
having capacities anjnvhere between 16 000 and 
25 000 kW are now being made and operated. Taking 
an ordinary station such as Glasgow, this means that 
five 60 000-lb. boilers are required, with a sixth possibly 
as a stand-by. If one lays out a station of, say, 76 000 kW, > 
or even 40 000 kW, it is obvious that the housing of these 
boilers, together with all their accessories, must involve 
a considerable capital cost. If, on the other hand, large 
boilers are installed, it is found at once that the difficulties 
in connection with mechanical stoking are ‘very great. 
At Manch^ter, boilers evaporating from 116 000 to 
130 000 lb. of water are at present installed. In 
connection with each of these boilers there are four 
mechanical stokers. If the necessity for larger boilers 
arises, as I foresee it will do in time, about eight large 
mechanical stokes will have to be installed for each 
boiler. In other words, the possibilities of a brealcdown 
will be increased eight times. On the otlier hand, if 
powdered fuel is used, a system will be obtained by 
whic^a, even in the event of one of the burners going 
out of action, the load on the boiler can at once be taken 


up without the slightest difficulty. It is not likely 
that the whole of the burners wiU fail simultaneously- 
The case for the large boiler will in the future be very 
definitely established, and from a mechanical-stoker 
point of view I thini that it will provide a Wy serioiis 
problem. At the present time large quantities of grit 
are being emitted in these mechanically-stoked systems. 

It is true that the emission of waste matter from a 
powdered-fuel installation may bCi greater or less than, 
that in the case of mechanically-stoked systems, but it 
is not grit; it is a fine flocculent dust. The Medical 
Officer of Health in Milwaukee has his offices immediately 
opposite the Lakeside plant, and in the course of four 
or five years' observation has never had to complain 
in any way of the emission .of either grit or smoke. It 
will be said at once that the ash must settle somewhere. 
No doubt it does, but it settles in such a form that it is 
not objectionable, and its own light flocculent nature 
and the varied conditions of the wind cause it to be dis¬ 
tributed over long distances. I should like to say, with 
regard to some remarks made earlier in the discussion, 
that my company are at present manufacturing mechan¬ 
ical stokers 16 ft. in width, and we see no reason why 
that size should not be increased. No mention has been 
made of the fact that in a great many stokers the question 
of riddlings is a very serious matter. My company 
have been considering the installation of an ash-conveying 
plant at a London station, and we found that we should 
have to install in addition a separate system for con¬ 
veying the riddlings which, we were informed, would 
amount to 20 per cent of the total amount of coal used 
in the stoker. This difficulty does not arise in the case 
of powdered fuel, and the added expense of a separate 
conveying system for the riddlings is unnecessary. 

Mr. W- M. Mordey: In the early part of the papw 
the author refers to the work of Thomas Russdl 
Crampton. It is very interesting to know that the 
I distinguished engineer who perhaps did more than 
i body else in an early stage to recognize the possibilities 
of powdered fuel, who actually went so far as to put 
. it into practice and conceived many of the important 
elements necessary to success in practical work, was 
a member of the Council of this Institution. Although 
primarily a railway engineer, he was one of the 
leaders in submarine telegraphs. "When the first cable 
to France failed he designed a new and successful 
cable and raised the money for it. When he died in 
1888, Edward Graves, then our President, described 
liim as the author of the type of submarine cable tliat 
had come into use throughout the world.* That was 
a great achievement. As one of the few here who 
remember him, it is perhaps fitting that I should remind 
members of the debt that electrical engineers owe to 
his memory. 

Mr- J. S. Atkinson: It is a matter of regret that the 
author should have disposed of unit pulverizers in such 
a few words. I think that as British engineers we are 
more interested in the European than in the American 
standpoint, and the unit system has made far greater 
progress on this side of the Atlantic than has the central 
system. The author may be surprised to learn that 
there are over 400 turbo-pulverizers installed and working 
* See JcumH I.E.E., 1888, vol, 17, p, 421. 
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in this country and upon the Continent. In addition, 
there are a number of other types of unit pulverizers 
now on the market which are giving good results in 
practice. After Bettington's activities in this country 
I think that the firm with which I aih associated was the 
first to take up powdered fuel seriously. In the early 
part of 1918 I paid an extended visit to America to 
examine the various systems used there, and I came to 
the conclusion that tl^p central system was better than 
the unit system. For two years we concentrated on the 
central system and lost much money and 'time. We then 
turned our attention to the unit system and, although 
we had to face many problems and made many mistakes, 
I think that we can now say that we have been able to 
produce a really satisfactory and practical machine. 
The statement has been made that by reason of the fact 
. that there are no magnetic separators fitted to unit 
machines, there is a danger of the machine breaking 
down. Our experience shows, however, that magnetic 
separators ^re quite unnecessary; it must be obvious 
that if an electric separator were a necessary item it 
could easily be added. The author lays emphasis on 
the necessity for getting the proper mixture of coal and 
air; with this I quite agree, but he also makes statements 
which would imply that it is not possible to get this 
mixture with the unit system. Practical results have 
proved that this is not the case. We have had a large 
number of boiler tests made, many of which show a 
total efficiency of 85 per cent and higher. The analysis 
of the waste gases shows that the fuel is burned with not 
more than 20 per cent excess air, and the unbumt carbon 
in the ash is .well under 1 per cent. I do not think 
that anyone can expect to get much better results than 
these. We have never claimed that we can get much 
higher efficiences with powdered-coal firing under test 
than can be obtained with good practice in mechanical 
stokers, but we do claim that we can maintain higher 
efficiencies under everyday working conditions, and 
use cheaper grades of fuel than can be efficiently burned 
with mechanical stokers. It is rather difficult to reconcile 
the author's present attitude with regard to the unit 
syst&m with his attitude as expressed in an article 
which he wrote.in the Iron and Coal Trades* Review of 
February 1922. 

Mr. P. M, Baker {communicated ): The author has 
brought up the subject of boiler-house efficiency, with 
its corollary of boiler testing, in a new form. Its 
importance will be obvious to anyone who has read the 
Electricity Commissioners' annual returns, in which 
some of the figures are astounding. My first impression 
was that tlie author would have done better to have 
taken the broad view and dealt with all types of pul- 
verized-fuel plant, but further' reading convinced ine 
that the course which he adopted, viz. to deal with a 
particular system and one or two examples thereof, 
makes a stronger case for pulverized fuel than would 
othemise have been possible. The treatment of this 
particular case is very comprehensive, and the amazingly 
good results shown in the test tables can only be answered 
by corresponding figures for mechanical stokers. Un- 
forbinately it is only very large installations that can 
yield results comparable with those given in the paper, 
so that very few engineers are in a position to put up | 


a case for the mechanical stoker. I desire strongly to 
support the author's opinion in regard to boiler te.sts. 
An acceptance test should be run under the conditions 
specified in the contract; the plant should be in the 
best condition possible, and the test figure should be 
an optimum. This is •'not sufficient, however; tests; 
and records should be practically continuous. If we 
except some of the good and new stations it seems fair 
to state that the boiler house is still the neglected end 
of the generating station, and that the instruments 
installed in it are often covered with dust and cobwebs 
between tests, which take place at infrequent intervals, 
when a little careful organization and systematic work 
would enable a fairly continuous record of the behaviour 
of the steam-generating plant to be kept, however 
large or small it might be. The idea that tlicre is no 
need for the central station engineer to be very strongly 
interested in the thermal efficiency of his boiler plant 
may perhaps be responsible for the small attention it 
receives in some stations, but it cannot be too strongly 
impressed on all fuel users, of whom the central station 
engineer is one of the largest, that it is of the utmost 
national importance that every possible heat unit 
should be utilized, although it is, of course, realized that 
a system of stoking which would enable the low-grade 
fuel hitherto regarded as waste and unusable to bo 
burnt, would justify some loss of thermal efficiency. 
The author claims that such fuel can be burnt elliclently 
in a pulverized form. The reply of the user.*? of mechani¬ 
cal stokers as to what their plant can accoiupli.sh, 
particularly in districts in which cheap, low-grade slack 
is abundant, would go far towards deciding wliether 
we ought to adopt pulverizcd-fuel firing in this country, 
for the available coal is likely to deteriorate as time goes 
on and labour difficulties increase. My own experience, 
with a very small plant, of dirty and low-grade Irulian 
coal burnt ou a chain-grate stoker was not very en¬ 
couraging. Possibly some station, such as Ifirmingham 
(Necliells), would afford very instructive figures, as I 
understand that much good work is being done there with 
low-grade slack. The vexed quevStion ol! the standardi¬ 
zation of boiler tests and the Institution of Civil Engi¬ 
neers' Code is again raised in the paper, and in that 
connection I submit that our Institution is prolwibly 
much more truly representative of tho.se coal users 
most concerned with the economical consumpiian of 
coal in large quantities than any other, and that we 
ought to take energetic mea.sure.s, cither in conjunction 
with the Institution of Civil Engineers or independcmtly, 
to lay down a satisfactory standard scheme for («) ac¬ 
ceptance, and (6) running tests, in order to enable fair 
comparisons to be made. 

MDr. J. R. Blaikie {communicaie^ \ It is iijterc'sting 
to note that the author thoroughly approves of the 
methods of testing, etc,, at the Dalmarnock station, 
and also that in his opinion the results might be improved 
by larger combustion chambers and stokers of the 
compartmeuting type, and that air-heating alone 
might raise the efficiency to 80 per cent with a 60 per 
cent load factor. On the question of combustion 
chambers the author says on page 400 : One of the 
chief causes of inefficiency of the mechanically-fired 
boiler plants in Great Britain is that the txihes of the 
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boiler are far too near the furnace, so that the flames 
touch the boiler long before combustion is completed, 
and the reactions are at once damped down with the 
escape of unburnt fuel/* On page 402 the author 
quotes from his own*^ personal experience of 400 tests, 
mostly on boilers of the Lanoashire type, individual 
figures varying from 32j to 82j per cent. Is it correct 
to say that efficiencies of 82J per cent can be obtained 
from a Lancashire boiler plant when the furnace is 
within a few inches of the boiler surface, and, if so, 
what is the explanation ? An interesting point about 
Dalmamock is the use of two kinds of mechanical 
stokers. I should like to know whether one type is 
intended for"a particular class of fuel and the other 
for another; whether they are in competition on similar 
fuel; whether it is a case of balancing higher efficiency 
against extra capital cost; or whether it was simply 
the result of the lowest tender. The compartmented ** 
type of stoker, with a positive means of controlling air 
pressure in different sections to cope with the varying 
resistance of the fuel bed as combustion progresses, 
should certainly make an appeal in well-organized 
boiler houses. Probably the reason that tlus type is 
not more extensively used is its high capital cost. Now 
that this type can be obtained at rates no higher than 
those in the case of an ordinary chain grate, consider¬ 
able improvements may be expected in mechanical 
stoking. I should be glad if the author would give a 
few test figures of this type to set against the individual 
boiler tests with pulverized fuel on No, 8 boiler at 
Lakeside. The author has chosen Dalmamock as 
being representative of mechanical stoking chiefly on 
account of the overall size, which compares with that 
of Lakeside, but I suggest that the choice might have 
been better justified for the reasons that the testing 
department is so highly organized, and that “the willing¬ 
ness of this undertaking to supply and make public 
its records is on a scale which compares with the larger 
mindedness of American organizations in this respect. 
The paper is mainly concerned with the thermal 
efficiency of steam generation. It is true that laudable 
efforts have been made to obtain the capital costs of pul- 
verized-fuel plants, but the corresponding capital outlay 
on large-scale mechanical-stoker plant is lacking. On 
page 416 a comparison of operating costs is submitted 
in a highly complex form. We are given the net cost, 
expressed in dollars, per 1 000 lb. of steam at unknown 
pressure and superheat, to compare with American 
stoker plant also at unknown pressure and superheat, 
price per ton, etc., expressed in dollars per ton (American) 
of fuel. The Dalmamock figures are expressed in 
pence per kWh delivered, and the item Shift Wages 
and Salaries *' seems to cover both engine room and 
boiler house. Can the author arrive at the cost of, 
say, 100 000 B.Th.U.*s above the temperature of the 
raw materials delivered from the boiler house in pence 
or dollars from this data, or otherwise demonstrate his 
conclusion No. 8, viz. The labour costs with pulverized 
coal are approximately 20 per cent less than with 
mechanical stoking, but much depends on individual 
conditions ** ? Assuming that the difficulties of obtain¬ 
ing information as to capital costs and operating costs 
are too great, we fall back on thermal efficiency, strictly 


confined to boiler-house operation. From this stand¬ 
point the choice of Dalmamock which, according to 
the author, is open to criticism in the selection of stoker 
plant, stands in need of justification. There is no need 
to go beyond the boiler unit in size. In dhis country 
we have no boiler to compare in size with American 
boilers, but there are numerous examples of boilers, 
similar in size to those at Dalmamock, which may 
possibly have attained higher efficiency with mechanical 
stoking. Turning for a moment *to the technical data, 
it is interesting to note that the range of output of 
the Lakeside No. 8 boiler, at 88-6 and 86-6 per cent 
efficiency respectively (see Table 7) is from 4 • 6 to 8 • 6 lb. 
of water per sq. ft. of heating surface. It would have 
been instructive if the tests had gone further to discover 
the lowest output at which an efficiency of, say, 86*6 
per cent can be obtained. This has an important bearing 
in the matter of load factor. Can the author show 
what can be done in this direction by the best and latest 
forms of mechanical stokers ? In Table 8 the loss by 
radiation is given as about 1| per cent. For Dalmar- 
nock (Table 6) it is given as 2-5 per cent. With the 
enormous combustion chamber heated to a temperature 
verging on destmction, a very considerable loss by 
radiation is to be expected, and I should like the 
author to comment on this point. In conclusion, 

I should like to point out that several important 
stations in America—such as Colfax, Hell Gate and 
Connors Creek—have no economizers, which fact 
brings home very forcibly the policy of true commer¬ 
cial efficiency as against that of sensational thermal 
efficiency. 

Mr. W. F. Carr-Hill {communicated ): The following 
remarks summarize some of the leading considerations 
as to the best system of coal pulverizer to adopt for 
any given requirement. Pulverized coal as a fuel came 
into serious use in Great Britain about 23 years ago, 
from which date its use extended rapidly in Portland 
cement manufacture. In recent years it has been 
applied increasingly to steam-raising boilers, metallur¬ 
gical furnaces, etc. For any pulverized-coal proposition 
to be successful it is essential that the pulverized coal 
shall not only be ground to the necessary fineness, but 
that it shall be uniform in quality as regards the dis¬ 
tribution of the ash and dirt content in the coal as fed 
to the furnace. Only some of the systems in use to-day 
secure this very necessary condition. At the present 
time three leading systems for pulverizing coal are 
employed, as follows : (A) Pulverizers giving a finished 
product to the necessary fineness in one operation; 
(B) pulverizers which only rough-grind the coal, and 
deliver it to auxiliary separating appliances, the fines 
being separated and the rejects returned to the pul¬ 
verizer for re-grinding; (C) pulverizers of the beater 
or swing-hammer type, usually of very high speed, 
which deliver the finished product direct to the kiln, 
furnace or boiler combustion-chamber. This type 
usually has a fan combined with the mill to effect 
delivery of the ground product to the furnace. The 
relative popularity, uses and operating costs of these 
three systems may be summarized as follows- 
(A) Pulverizers giving finished product at one opera- 
—^There are several types under this heading. 
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Most of them have a screen fitted to the mill itself 
and an internal fan device which ensures— 

(a) The ground product leaving the mill immediately 
it is fine enough, and no^ before. 

Uniformity in the ground product as regards ash 
content, resulting in the maximum steadiness 
of flame from the burner. It has been found in 
practice that this S 5 rstem shows a great ad¬ 
vantage over other pulverizing systems which 
depend on auxiliary separating devices to 
obtain the necessary fineness of product. 
These auxiliary methods most certainly result 
in " selective separation and stratification of 
ash content in the ground product due to 
difference of specific gravity between the coal 
and the dirt and ash which it contains. This 
causes a ” squallyflame and irregular 
temperatures in the combustion chamber, with 
the attendant additional wear and tear, cost of 
upkeep and loss of efficiency. 

The power required is one of the most important 
items in assessing the relative costs of operating different 
pulverizing systems, and it can be taken that with the 
most economical and best type of screen milTg the 
power used will amount to 13-14 b.h.p. per ton of coal 
ground to a fineness of about 75 per cent passing a 
200-mesh screen. (This is about 12| per cent less 
power than that mentioned in the paper.) 

(B) Pulverizers depending on auxiliary separators .— 
Though these have been used in many plants abroad 
they have not been so popular in England as the " finish 
in one operation mills described in (A) above, for the 
reasons of non-uniformity of ground product and 

selective separation above referred to. Moreover, 
this type is usually more costly in power and mainten¬ 
ance, and thus the cost per ton of coal pulverized is 
higher. The power consumption of this type usually 
amounts, with auxiliary separators, to about 20-22 b.h.p. 
per ton ground to a fineness of about 76 per cent passing 
a 200-mesh screen. 

(C) Pulverizers of heater type. — ^The general experience 
with these seems to be that as the beaters wear quickly, 
as often happens, it is difficult to keep up the necessary 
fineness; in fact the fineness falls off badly (which^is 
fatal to perfect combustion and steady temperatures) 
and the power consumption increases. In an average 
state of repair, general experience shows that the power 
required to keep this type of pulverizer running is 
40-60 b.h.p. per ton ground to an average fineness of 
70-76 per cent passing a 200-mesh screen, var 3 dng 
between the limits given according to the class of coal 
used. 

It will thus be seen that the ** finish in one operation ** 
^ containing its own screen as described in (A) above 
is the most practical and economical pulverizing system 
to adopt for any purpose, as it secures (1) greatest 
economy in power and maintenance costs ; and (2) the 
best fineness and uniformity of quality in the ground 
pro(^ct (a point of the highest importance for efficient 
combustion and consistent and economical results). 

Mr. F, Glements {communicated) : The remarks of 
previous speakers show clearly the need for the paper 


in order to bring before those controlling the use of large 
quantities of fuel the considerable progress which has 
been made with this latest method of combustion. The 
author mentions the use by the Ford Company at their 
new plant at River Rouge, DetroA, of powdered coal in 
conjunction with blasti»fumace gas as a fuel for steam 
generating. I visited the River Rouge plant in 1020, 
but the combination was not then, I think, installed. 
I mention this because the usefulness of such a combina¬ 
tion has been apparent to me for some years and I was 
responsible for putting in the first two units of a new 
battery of Babcock boilers at the works of the Park 
Gate Iron and Steel Co., Rotherham, on^this system. 
In my opinion this plant pre-dated the Foi^ installation, 
but in any case they are the first boilers in Europe using 
this method of firing. Whilst the plant is in no wise 
comparable with tlie Ford plant in size and preten¬ 
tiousness, yet the experience gained witli it proves very 
definitely the value of the combination and also provides 
a good indication of the value of powdered coal when 
used alone. The boilers have each an evaporative 
capacity of 30 000 lb. per hour at 160 lb. per sq. in. 
and are equipped with gas burners of new design. The 
powdered coal is provided by one unit-type pulverizer 
on each boiler. Each machine is capable of dealing 
with 2 300 lb. of coal per hour. The combustion chatn- 
bers are of large volume, and when blast-furnace gas 
alone is used the full capacity of the boiler can be 
attained. In the event of the demand for steam 
increasing still further, the pulverizers are put into 
service and the jet of burning coal so directed that it 
finally intermingles with the gas, with the result that 
the mass in combustion burns with a himinous flame. 
Under these .circumstances it is quite easy to maintain 
for long periods an output from the boiler of 50 000 lb. 
of steam per hour. Again, when the furnace gas fails 
for any reason the powdered coal is used and the boiler 
evaporation maintained. Naturally with an entirely 
novel installation, designed without the guidance of 
previous experience, there are points wliich would be 
rectified in succeeding units, but the result on the whole 
has been so satisfactory that a further extension of the 
system is certain. Reverting now to the general 
question of the use of powdered coal, I spent some 
tinie during my last visit to tlie United States in investi¬ 
gating the subject and saw several installations where 
it is successfully at work. What I learned there, 
coupled with the experience gained in the use of pul¬ 
verized coal at the Park Gate works, points to the fact 
that there is no questibn as to the superiority of this 
type of boiler firing. The ease of control of the flame 
and the perfect combustion attainable renders it equal 
to a plant burning oil as fuel, and indeed the whole of 
the summarized advantages of the method') as given 
by the author, are fully supported in practice. The 
chief difficulty is the one which the system refep'ed to 
by the author is designed to overcome, viz. that due to 
slagging of the ash. This difficulty is not present with 
air coals because those which have ash in which lime 
predominates give little trouble, but the possibility is 
always acutely present. Any system installed for 
burning large quantities of powdered coal must be 
guaranteed to have overcome this trouble satisfactorily. 
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Mr. J. M. Duncan (communicated) : (1) Tlie mechani¬ 
cal-stoker equipment at Dalmamock appears to be of 
conservative design in the light of current American 
practice. Stoker-wid^ limitations which the sprung 
arch entail have been removed by the perfection of the 
flat suspended arch, and full us# has been made of this 
in the successful operation of stokers 24 ft, wide by 
18 ft. long. In the Calumet station of the Common¬ 
wealth Edison Co. of Chicago, the operation of this 
stoker has been so successful that six more have been 
ordered, three Babcock and Wilcox and three Coxe. 
The original stoker was installed under a boiler of 
15 600 sq. ft, 5 Jieating surface. The removal from each 
furnace at Dalmamock of two division walls, with their 
attendant losses due to uncontrolled air, clinker forma¬ 
tion, etc., which 20 ft. wide stokers would permit, 
should result in an increased economy and a reduced 
maintenance cost which would place the stoker in a 
somewhat more favourable position when compared 
with pulverized fuel. (2) Some station operation figures 
at Calumet are as follows: Operating 16 Coxe stokers 
10 ft. 8f in. wide by 17 ft. long at 300 to 360 per cent 
of American boiler rating (120 000 to 160 000 lb. of 
steam per hour) during the day with a monthly load 
factor of 28 per cent, the number of B.Th.U.'s per 
kWh for November 1923 is stated to be the remarkably 
good figure of 17 800. It would seem reasonable to 
expect an improvement on this figure when the new 
stokers 231^ ft. and 24 ft. wide are installed. (3) The 
banking losses at Dalmamock are extraordinarily low. 
The actual charge against stokers for banking, if I 
* correctly interpret the figures given on page 400, amount 
to less than J per cent per hour of full-load consumption, 
a figure which would not be regarded as out of the way 
for boiler-radiation losses alone, and would indicate 
that the loss chargeable to stokers for banking and 
stand-by is nil in this case. The above considerations 
would indicate that the author’s estimate of 6j per cent 
better performance of pulverized fuel over stoker firing 
in a given modern station might be a little high, and 
a comparison of maximum guarantees for each type 
as quoted in the paper would appear to me to 
justify a somewhat lower figure. But the immense 
advantage wliich pulverized fuel has in the burning of 
low-grade fuels of all varieties cannot be overrated, and 
I am also of the opinion that for continuous operation 
the ease of control with pulverized fuel will give average 
operating results for average boiler plants considerably 
in excess of the dj per cent difference estimated by the 
autlior, in all cases where the boiler capacity is great 
r enough to warrant the installation of pulverized-fuel 
apparatus. In conclusion, I should like to ask the 
author exactly what is included in the figure for on¬ 
cost charges ” in Table 16. 

Mr. C, Brith (communicated ): The author has 
practically ignored the direct method of firing boilers 
with pulverized fuel, although this is the only method 
which is free from fire and explosion risks. I wish to 
call attention to the latest development in pulverized- 
coal firing, for which I have secured the provisional 
patent. Each direct-firing unit is self-contained and 
driven by a constant-speed motor; it draws in pre¬ 
heated air for (hying the coal during the initial stage 


of pulverization. It is fitted with an air separator, 
which returns coarse particles, and therefore it delivers 
coal in uniformly fine condition to the furnace. The 
secondary air is preheated, as usual, in its travel through 
the hollow walls of the furnace. A large nfodem boUer 
uses a set of three direct-firing units, thereby assuring 
a complete immunity from stoppages, as two suffice for 
normal load. Coming now to the storage systems of 
pulverized-coal firing described in the paper, we learn 
that the only British installation is at the Hammersmith 
electricity supply station, which is very similar to the 
American systems described but has the added refine¬ 
ment of an air preheater. Although this London 
installation has been 3 years in use, no figures as 
to its results are furnished. Despite the enormous 
publicity given to the Lopulco tests of 3 years ago 
at Lakeside, Milwaukee, the author tells us that there 
are still only 9 plants, totalhng 43 boilers, using the 
Lopulco system in America. Referring to the Mil¬ 
waukee tests, we see that the normial rating of 90 000 lb. 
of steam was reached on only one of the five tests, 
when the efficiency, including economizer, was 84*6 
per cent, though a dried coal, 11 per cent ash and 
36 per cent volatile, was being used. This corresponds 
very closely to the author’s definition of an ideal coal 
for pulverizing. The author also tells us that a further 
91 boilers in 29 other plants are adopting this method, 
under the remarkably high normal load guarantees of 
85 per cent without economizer, 88 per cent with 
economizer, and 89 per cent with air heater. But in the 
case of the Vitry plant at Paris the guarantee is only 
84 per cent, including economizer, although they will 
use good coal of 12 600 B.Th.U.'s per lb. as fired. Re¬ 
garding overload capacity, it is suggested that the 
greatly increased cost for the Lopulco system as com¬ 
pared with stoker equipment can be offset by getting 
higher overload capacity. Duties up to 400 per cent 
nominal rating, say .12 lb. actual steam per sq. ft., 
are guaranteed, but these can easily be equalled with 
stoker firing. For instance, the Riley stokers at St. 
Pancras Electricity Works, London, 3 years in use, can 
easily give 12 lb. steam per sq. ft. of boiler heating- 
surface, while the huge boilers of the Buffalo General 
Electric Co., also fitted with Riley stokers, started 7 
y^feirs ago, are easily capable of 12 lb. steam per sq. ft.; 
whereas the Lakeside plant, with the Lopulco S 3 rstem, 
is limited to 7 lb. per sq. ft. As regards the size of boiler 
units, I would remind the author that he states in his 
** Manual of Mechanical Stokers ” (pa*g® 138) tliat: 

A typical large installation of Riley stokers is that of 
the Compaghie Parisienne Distribution Electrique power 
station at Paris, which contains 10 very large water- 
tube boilers, each of 22 600 sq. ft. heating surface, plus 
superheater and economizer, each boiler unit evaporating 
up to 176 000 lb. of water per hour.” Returning to 
American practice, there are 64 central stations, totalling 
3 000 000 kW capacity, now under construction; all 
but five of these will be stoker-fired. Among them is 
the huge new Kearny plant at New Jersey, where 9 
Riley stokers are being installed, each capable of 
burning 16 tons of coal per hour on a single archless 
furnace. 

Mr. L. M. Jockel (communicated): It is unfortunate 
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that the author has been unable to obtain more exten¬ 
sive data with regard to British power station practice 
with water-tube boilers and mechanical stokers, and 
consequently it would seem that the comparisons in 
the paper ar# hardly fair to present-ciay practice in this 
country, where different conditions obtain. Unless one 
can afford to spend a considerable time in the U.S.A. 
studying the applications of pulverized fuel, it is neces¬ 
sary to depend upon reports, such as those of Mr. L. C. 
Harvey and others, for practical information upon the 
subject, although the author does not refer to the latest 
report by Mr. Harvey issued by the Fuel Research 
Board in 1922. On page 393 the steel-tube economizer 
is condemned because it fails to withstand for long the 
corrosive action of the flue gases, but surely this is a 
mistake, as the trouble with this type of plant is internal 
corrosion, assuming, of course, that attention is paid to 
the temperature of the feed-water inlet. If the necessary 
steps are taken to prevent internal corrosion, such as 
de-aeration of the feed water and, in the case of high- 
pressure boilers, a closed-feed system and evaporated 
make-up, then the steel-tube economizer possesses 
certain advantages in practice over the cast-iron type. 
It is very difficult to analyse the data put forward in the 
paper, but the author is distinctly unfair to the majority 
of generating engineers when he states on page 396 that 
an efficiency of 80 per cent, as obtained on an abnormal 
test, is believed by station engineers to apply to their 
pl^t all the year round. If extensive data on present 
British power station practice as applied to large stations 
had been obtained, the value of the figures put forward 
would have been considerably enhanced. The data 
given for American power stations with mechanical 
stokers only serve to confirm the opinions held in this 
country, that the art had never reached such a stage Of 
perfection in the United States before it was arrested 
by the introduction of pulverized fuel on a large scale. 
The data for tire initial installation at Michigan are not 
given in the present paper, although the efficiency of 
80*2 to 82*7 per cent for boiler and superheater only 
was at that time a fine acliievement. On page 400 the 
author's attempts to make comparisons between Lake¬ 
side and Ualmamock are rather unfortunate and, as 
the^ data stand at present, practically valueless to 
engineers with years of boiler-house experience. TKe 
figures have already been discussed in their true light, 
however, by one or two previous speakers. It would 
be interesting to learn what the author considers to be 
the limiting figure for the efficiency of a modern water- 
tube boiler plant, as various published tests have shown 
89 per cent and over on the gross or higher " calorific 
value of the fuel. The data put forward in Table 13 for 
auxiliary power consumption in mechanical-stoker plants 
may be true for American practice, but they are not 
typical of present-day practice in this country, where the 
figure quoted of 4 • 86 percent could in very many instances 
include' the whole of the energy used in the power 
station for all auxiliary purposes. In commenting upon 
ash troubles on page 416, the. figures for the average ash- 
contents ejected via the chimney top and deposited in 
the combustion chamber are given, but no mention is 
made of the deposited percentage on the various heating 
surfaces, nor of the methods employed to clean these 


whilst steaming and the energy consumption and cost 
of such cleaning. The calorific values of fuel for Amer¬ 
ican tests are apparently remarkably accurate, as the 
figures quoted actually include ^the last heat unit, 
indicating, of course, that the art of calorimetry "h as 
reached a state of perfection in the United States quite 
unknown at present in this country. 

Mr. J. E. O’Breen (communicated ): The author is 
not quite fair in his comparison between powdered fad 
and stokers and he therefore comes to a conclusion that 
gives a wrong impression of the present situation. He 
states that pulverized fuel gives an efficiency of 86 per 
cent, while stokers give 81 J. In this Qpnnection I 
would draw his attention to the fact that my firm guaran¬ 
tees for these v^ry best conditions for the Pluto stoker 
an efficiency of 86 to 87 per cent, i.e. slightly higher than 
that for powdered fuel. Under ordinary conditions the 
efficiency will perhaps be slightly lower, due to soot on 
the boiler tubes, etc., but it can be maintained for 
stokers as well as for powdered fuel. By installing 
modern regulating devices as, for instance, the Hagan 
apparatus, it is possible to control the whole boiler 
house and all the mechanical stokers from one central 
point, so that powdered fuel has no advantage in this 
respect. In the case of mechanical stokers, unbumt 
fuel in the ash depends largely on the contents of ash 
in the fuel which is used, and on the melting-point of 
the ash. For this reason it is impossible to guarantee 
the same high efficiencies for coal with 40 to 60 per cent 
ash as for coal with 6 to 10 per cent ash. The guaranteed 
efficiencies for these low-grade coals will therefore be 
from 76 to 80 per cent. It is, of course, possible that 
powdered fuel will give results slightly better than this, 
although I have never seen tests of powdered fuel 
where the coal contained more than 15 to 20 per cent 
ash, and I am not convinced that the Lopulco system 
will be . successful in burning these coals. In any case, 
the powdered-fuel system has still to prove its superiority 
for these fuels and for the moment I am not sure that 
it will even be possible to bum them. I should like to 
draw the author's attention to the fact that it is quite 
possible to obtain very favourable results when working 
mechanical stokers with liquid and gaseous fuels. As 
far back as 1910 we made extensive tests on the Continent 
with Pluto stokers and blast-fumace gas, the gas being 
used for overload and peak loads. On peak loads an 
evaporation of more than 10 lb. of steam per sq. ft. of 
boiler heating-surface was obtained. I therefore do not 
see the advantage of pulverized fuel as claimed, by the 
author under Conclusion 4 on page 416. 

Mr. N. Swindin (communicated ): The discussion on 
the paper has not brought out sufficiently the scientific 
achievement of the efforts of the staff respo;isible for 
the successful application of pulverized fuel to boiler 
firing. Much has been said concerning the ability to 
build power stations in this country, compared with that 
available in America. This few will deny. What 
scientifically-trained men in this country complain of is 
the opportunity to carry out research on basic industri^ 
processes on the scale that exists in America. To 
anyone conversant with large-scale research, it is evident 
that no less than £1 000 000 was spent before sufficient 
data could be compiled to enable the Lakeside plant of 
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the Milwaukee Electric Railway and Light Co. to be 
erected and put into commission. The success of the 
installation has demanded the solution of the following 
first-class problems : (1) The drying and pulverization 
of coal at an economfti price and with reasonably robust 
plant; (2) the conveyance of powdered coal as a fluid 
in pipes without risk of explosion; (3) the correct 

designing of a burner which can be used for powdered 
fuel, gas and oil; (4) the manufacture of refractories to 
withstand the high temperature of combustion, and a 
design of furnace which keeps the temperature of the 
walls below that of fusion of the material; (6) the 
removal of the ash in a continuous manner, and all 
difficulties <iue to slagging; and (6) the transmission 
of an enormous quantity of heat at a high rate of trans¬ 
mission without damage to the boiler. The success of 
the pulverizing plant is due to the application of the 
best ore-crushing practice at mines, i.e. the continual 
screening of the product and the return of the over¬ 
size ** back to the mill. In the Lopulco s}"stem the 
screening is done by pneumatic means continuously: 
the air system being a closed circuit prevents all risk 
of loss and danger due to ** dusting.'' The transference 
of powdered substances with air as a carrier is now a 
well-known process. With coal the quantity of air 
used must be well below that required for ignition. 
Ten per cent of the air required for combustion is nearly 
1000 times the volume of the actual dust, and of approxi¬ 
mately equal weight. Thus we have practically air 
passing through the pipes and yet it is not sufficient to 
ignite the coal. As air must be blown into the furnace, 
the addition of the fuel adds but little extra resistance 
to the flow. Stanton has shown that the resistance to 
flow of a fluid is a function of vdjv, where v is the velocity 
feet in per second, d the diameter in feet and v the 
kinematic viscosity, i.e. the ratio of absolute viscosity 
to the density ly/p. The viscosity of air at 20® C. is 
0*000184 C.G.S. units and the density at 760 mm pres¬ 
sure of mercury is 0*0012 g per cm® ; hence the value 
of V s= 0*000184/0*0012 = 0*1633 C.G.S. or 0*1633/929 
= 0*000166 ft.-sec. units. Now the addition of 
1/1 000th part by volume of coal dust would not greatly 
affect the viscosity but it would double the density, so 
that the value of v for dust-laden air would be 
0*0000826. If the velocity through a 6-in. pipe be, say, 
30 ft. per sec., we have for pure air 


vd 

1/ 


30 X J X 
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0*000166 


= 90 900 


With coal as a powder and already mixed with 1 000 
times its volume of air, when it passes through the 
nozzles of a burner it is almost like a gas. The burner 
is therefore quite a simple piece of apparatus, the flatten¬ 
ing of the nozzle enabling the surface to be^increased for 
combustion with the secondary air. The design of the 
combustion furnace embodies points which the practical 
man would reject at once. In the first place it is large 
enough to enable combustion to be completed. The 
preheating of the air performs two functions : it reduces 
the temperature of the inner surface of the furnace 
below that of the actual temperature of combustion and 
below that of fusion of the material, and it diminishes 
enormously the loss due to radiation from the outside 
surface of the furnace; in addition, combustion is 
assisted and is completed in less time. The life of the 
brickwork shows that greater attention is paid to 
refractories than is usual in this country. The treatment 
of the ash is really a trick. The water screen operates 
by sudden cooling of the ash slag, so that strains are 
set up in the slag similar to that in the Rupert's drop, 
causing the stuff to fly off in a granular form. Besides 
this, these tubes lying at the bottom of a fierce radiant 
chamber prevent much loss of heat. The amount of 
heat absorbed by this screen must be considerable. 
The chief feature of the furnace, however, is the enor¬ 
mous rate of heat transmission to the boiler tubes. It 
is usual to express this as so much evaporation of water 
per sq. ft. of heating surface per hour. Taldng the 
author's figure of 14 lb. of water from and at 212° F. 
per sq. ft. per hour, we get the enormous figure of 166 
kilogram-calories per m^ per hour per me^n temperature 
difference between the fire temperature and the tempera¬ 
ture of the water in the tubes. This figure is calculated 
as follows :— 

The exact furnace temperature obtained with pow¬ 
dered fuel has never, so far as I Imow, been ascertained, 
but I should say that it is at the very least 2 600° F. 
A furnace temperature of 2 100° F. is given in the paper 
for a mixture of powdered fuel and blast-furnace gas. 
' Taking, therefore, the fire temperature of 2 600° F., the 
temperature of the gases leaving the boiler at 430° F., 
and the temperature of the water from the boiler at 
417° F., the mean temperature difference 6^ is found 
by Grashof's foraiula thus :— 
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(see Fig. A) 


and for dust-laden air 
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Referring^to the Stanton chart* we find, taking the steel 
pipe line, the following values: 

For pure air mig!^ = 0*003 
and ♦ = 0*676 = 0*08 ft. of water per 100 ft. run of pipe. 

For dust-laden air miglv^ = 0*0027 
and 4 « 0*6076 = 0*1468 ft. of water per 100 ft. run 

of pipe, 

where m » hydraulic mean depth, 
and i = hydraulic.slope (head/length). 

• N. SwiNDZK: ** Plow of Liquid Chemicals in Pipes ** (Benn Bros., Ltd.}. 


2070 

6*187 



400° F. 

222° C. 


where H = cals, per m^ per hour, 
and K = coefficient (cals, per per hour per deg, C. 
difference). 


Therefore 




14 X 10 X 637 
2*2 X 222 


In B.Th.U.'s per sq. ft. per hour p^ deg, F. difference, 
JTl « 166/4*5 = 33*4. 
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The following values of K have been obtained by 
similar calculations from representative practice of 
various types of boilers : For the ordinary Lancashire 
boiler as ordinarily fired, 20; for a Babcock boiler, 40; 
for a Bonecdhrt boiler fired by ordinary coal gas, 80; 
for Nicholson's experimental boiler, 120; and for the 
powdered-fuel boiler described in the paper, 156. A 
careful study of the transfer of heat through plates from 
hot gases to liquid by conduction shows that it is impossi¬ 
ble to obtain anything like this figure except at velocities 
beyond all practical value. Nicholson's experimental 
boiler which was designed to increase the rate of trans¬ 
mission by increasing the velocity of gases past the 
heating surface in accordance with Reynold's law, did 
not accomplish the rate described in the paper. Only 
by allowing the radiant heat to flow without hin¬ 
drance to the boiler can such a transmission be obtained. 
It is noteworthy that Mr. Stromeyer in a recent paper 
discussing ''The Principles of Boiler Design," dealt 
with the necessity of screening the boiler surfaces from 
the radiant energy in order to prevent damage. To one 
who has long been engaged in studying the mechanism 
of heat transfer in difficult'processes of chemical manufac¬ 
ture, it would appear that the Lopulco system of boiler 



firing has accomplished most of what modem science 
has to say on the subject. Improvements may lie in 
the region of burning the coal mixture under pressure 
in order to increase the density of the gases in the 
furnace. In comparing the advantages of the powdered- 
fuel combustion system with mechanically operated 
furnaces the size of the modem boiler has put the lattSr 
entirely out of court. The Lopulco system marks only 
a beginning of the real study of the best way to make 
steam on a large scale. 

Mr. E. Kilbum Scott (communicated) : The most 
striking piece of evidence of tiie success which pulverized 
coal has gained over stoker firing is at the Colfax power 
station, Pittsburg. This station is situated about a 
mile from a coal mine owned by the same financial group 
and it has plant units of 60 000 kW each. When they 
first started about five years ago, each boiler was fitted 
with a mechanical stoker and everjrthing was done and 
eve^ instalment connected up to make the boiler plant 
as perfect as possible, and it was operated by expert 
engineers. It is therefore all the more significant that 
within a few years the consulting engineers and the 
chief engineer of the power house, and also the financiers 
who are behind the hug organization that controls 
Colfax, have been converted to the use of pulverized coal. 


and the 60 000 kW unit now in hand will be worked on 
that system. It would have been easier to continue 
with mechanical stokers, but the decision to change was 
made after a thorough investigation had been made 
of what pulverizing had accomplished elsewhere; that 
is to say, it was not made merely for the sake of change, 
but from a real conviction. Our boiler-house practice 
has been in a rut for years and I fear that this is partly 
due to the habit into wliich some consultants have got 
of letting boiler-making firms dictate to too great an 
extent. Also I am afraid tliat some of those in charge 
of power houses know more about electrical apparatus 
than about boilers and how to burn fuel pconomically. 
Yet it is the boiler houses that require the most watching ; 
it is there where supervision is most required and where 
much of the money goes. Carbon has for years been 
wasted in riddlings and in clinkers, but the waste has 
been condoned, or perhaps in some cases not knowif^ 
about, and many who knew have suppressed the fact. 
The advent of pulverizing will change all that and I 
believe that the competition will be a good thing for the 
whole industry of electric power generation. In order 
to reduce loss of carbon in the ash pit some power station 
engineers go out of their way to purchase fuel with a 
highly fusible ash, and. select coal in sizes that gh'c 
low losses by riddlings. .Pulverizing does away with all 
that; station engineers can forget all about low- 
fusibility ash and sulphur and burning of grate bars, 
and size of fuel, and need not bother much about volatiles. 
All fuels are alike when resolved into minute pariiclc.s, 
for so long as the particles are given sulliciciit air in a 
large enough combustion chamber they will burn sati.s- 
factorily. The large combustion chamber has been 
criticized, but I think that it is well worth the expendi¬ 
ture involved and extra building space, since a greatly 
increased radiating surface is obtained. Most of the 
evaporation of a boiler is due to radiant heat waves 
impinging on the first tubes, and the method of 
having a screen of tubes at the bottom of the com¬ 
bustion chamber is excellent because it absorbs the 
radiant heat that goes downwards. Another criticism 
is that the temperature is so very high, but surely that 
is all to the good and it is in tlie right place. By building 
the combustion chaniber of sufficient size and using 
air flues on the walls and a water-tube screen at the 
bottom there is no trouble witli brickwork. In French 
practice the composition of the firebricks used is suited 
to that of the ash of the coal, and in this way slagging 
of the firebricks is prevented. The much greater 
size of the* combustion chambers of the two new 
boilers at Hammersmith as compared with the first 
boiler is very striking. The two burners are 23 ft. 
from the bottom of the combustion chambq^ iix each 
of tlie new boilers, whereas the four water-cooled 
burners of the first boiler are only 12 ft. from the 
bottom. Much has been said about the fineness 
of the ash which results from pulverizing, but a 
demand is springing up for the very fine ash and I 
understand that as much as 10s. per ton has been ofiered. 
for it, and for a good reason. It will be a rather strange 
position if later on it is found to be a commercial pro¬ 
position to bum low-grade material partly for the 
purpose of getting more fine ash to sell; 
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Mr. J. D. Troup (communicated ): The author has 
hardly done justice to himself or to pulverized fuel by 
emphasizing thermal efhciency to such an extent. In 
the first place, no comparison between pulverized fuel 
in America and mecfianical stokers in Britain is possible 
on any common basis, becaus^^ the fuels are different. 
In any fair comparison the same fuel should be used 
in each case. Would the author expect to get Mil¬ 
waukee results if Dalmamock coal were used ? There 
is, however, a great deal more to be said for pulverized 
fuel th^-n merely to claim for it a higher thermal effi¬ 
ciency. We should expect a higher tliermal efficiency 
when using^coal in a powdered form, and there can be 
little doubt that it is attained in practice. A close 
inspection of the paper shows, however, that there are 
other advantages in using pulverized coal, some of 
which may be even more important than securing a 
^higher thermal efficiency. One of these advantages is 
simplicity of combustion control, and this point becomes 
one of greater importance when industrial plants are 
considered, because the skill of the boiler staff is gener¬ 
ally not so high as that customary in large power stations. 
It is necessary also to look ahead in these matters. 
The boiler unit is already a huge affair, and mechanical 
stokers on a large scale become a very cumbersome 
arrangement in the combustion chamber, when the 
. alternative is simply a series of Bunsen-type burners; 
and if a larger furnace is required it becomes a simple 
matter of adding burners. Incidentally, the Ford 
system of centralized control is a significant sign of the 
times, following the modern movement of all our indus¬ 
trial and business organizations. It would probably 
be impossible to operate such control with any fuel 
except that which could be used in some form of bumer, 
Can the author give any indication of the saving in 
labour effected by such central control ? 

Mr. J. A. West (communicated) : I have read the 
paper with great interest and I regret that in such 
a lengthy paper the author has dealt only with the 
Lopulco system. This, I presume, is owing to the 
fact that he is only dealing with the comparison of 
the Lakeside and Dalmamock installations. In this 
country we have the Holbeck system, which is in¬ 
stalled at the Hammersmith Borough Council electricity 
works referred to briefly in the paper. The first 
portion of this plant was put in operation in Novem¬ 
ber 1920, so we can really be proud of the fact that 
the possibilities of pulverized fuel for steam raising 
were appreciated in this country almost as soon as in 
the United States. From personal experience I know 
that the plant at Hammersmith has more than justified 
its installation and that the Council has been amply 
rewarded^ for its progressive policy. Probably in the 
near future, figures will be available regarding the 
performance of this plant which, I venture to state, 
will be found to equal those obtained at the Lakeside 
installation. Probably one of the main factors that 
have delayed the use of pulverized fuel for steam 
raising in this country has been the nominal low price 
of coal, and no doubt it has been considered that the 
cost of preparing the fuel for powdered-fuel firing was 


not compensated for by the efficiency gained. There 
are, however, many other factors to be taken into 
consideration which do not warrant hasty conclusions. 
The power taken for pulverizing and distributing the 
fuel to the boilers hiust be credited by th8 power taken 
by mechanical stokers. Coal-handling, operating and 
maintenance costs, capital expenditure, etc., must all 
be reviewed. There is also another point worthy of 
consideration, particularly in generating stations, viz. 
the fact that the pulverizing could be carried out during 
off-peak periods, thereby reducing the cost of preparation 
of the coal, as a very much reduced power rate would 
be in operation. With regard to the author’s remarks 
on the explosion question, I thought that this bogy 
had, once and for all, been laid by the heels. My personal 
experience is that with ordinary care there is no more 
risk of explosion from a modern powdered-coal plant 
th an that existing in a well-designed fuel-oil system. 

I should like to ask the author if he can state how long 
the water screen in the furnace has been in operation, 
and also if any difficulties have arisen in connection 
with it. Personally, I have found that by admitting 
air at the bottom of the furnace a result similar to 
that claimed for the water screen is achieved. I do 
not quite agree with the author’s statement that with 
mechanical stokers a coal changing from 12 000 to 
9 000 B.Th.U.’s would mean a fall in output of 60 per 
cent and also a fall in efficiency of 10 per cent. This, in 
my opinion, would only occur where draught was limited 
and where badly graded coal of very low volatility 
was being used. With a good ash-handling plant little 
trouble would be experienced with the ashes. The 
author’s figure of 6 per cent gain in efficiency with pulver¬ 
ized fuel over the best-equipped mechanical stoker is, 
hi my opinion, a correct one, the gain being obtained 
with a higher proportion of CO 2 and reduced loss in the 
ash. It may be possible with a few coals burnt on 
mechanical stokers to have a very much reduced ash 
loss, but this is rather the exception than the rule. 
It is incidentally mentioned in the paper that the success¬ 
ful adoption’ of pulverized fuel for steam raising has 
necessitated further improvement in mechanical stokers, 
as manufacturers are being menaced more and more by 
pulverized-fuel competition, and I agree with this view. 
An increase in efficiency of 6 per cent with pulverized- 
fuel firing would effect a saving of Is. in the £, from 
which one would naturally conclude that, with coal 
costing under £1 per ton, the cost of preparation would 
not be justified, but, as previously mentioned, there 
are so many factors entering into the case that deeper 
investigation is necessary for comparison before deciding 
what would be the most economical plant to install. 
From a purely coal-conservation point of view, pulver¬ 
ized fuel is the only system and, in conjunction with 
low-temperature carbonization plants, we should be 
taking full advantage of the valuable products that our 
country offers. Engineers should give very serious 
consideration to the whole question when installing 
new plant. 

[The author’s reply to this discussion will be found 
on page 460.] 
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Mr. J. Hamilton : I should like to ask if the Lopulco 
system is the only one at present developed which 
overcomes the slagging difficulty, and if it can be 
depended upon to do this consistently when dealing 
with the var 5 dng fuels used in this country, which 
are mostly in the form of slack. I am in agreement 
with the author's statement on page 400 in regard to 
the lack of combustion space in our present-day 
mechanically fired boilers, and I think that it is fairly 
common practice nowadays to add moisture to the 
coal as fired to enable combustion to be completed 
before the fire reaches the ash doors. This is often 
difficult to ensure while maintaining the output from 
the boiler, due to variation in the fuel. I assume that 
feed-water regulators are in use on the boilers in con¬ 
junction with automatic control on the feed pumps 
at the River Rouge plant. Table 9 is interesting 
but is apt to be misleading. In considering the claims 
of pulverized fuel, the cost of labour is one of the largest 
items from the operating point of view, and the number 
of men required to operate tlie plant must be taken 
into consideration. In the table the author gives a 
total of 86 men for boiler room and pulverizing house, 
with a total number of hours worked of H 664, which 
gives an average of approximately 134| hours per 
man per month. I understand that labour is much 
more '' flexible" in tlie United States than in this 
country, and it would be interesting to know ,how 
this total of. 86 men would compare witla, say, the 
number of men necessary for a similar plant in this 
country, each man working 48 hours a week on his 
own particular duty in connection with the plarrfc. 
I assume that the figure includes the men on repairs 
and maintenance, as otherwise it appears unduly high 
compared with the total of 84 on operative work at 
Dalmamock, where this figure includes turbine-room 
operation also. With reference to the wear and tear 
of brickwork mentioned in the paper, I should be glad 
if the author would say whether carborundum bricks 
have been tried and, if so, with what results. One 
would have thought that no soot would be formed by 
the combustion of pulverized fuel, but I notice that soot 
blowers were fitted to the boilers shown on the lantern 
slides and I take it that they are fitted to deal with 
lodgments of fine ash. Can the author say if any 
attempt has been made to reduce the ash from the 
chimney by centrifugal action of the gases at the base 
of the chimney ? It is stated on page 417 that the 
ideal coal for pulverizing contains from 33 to 40 per 
cent of volatile matter, and on page 418 that pulverizing 
lends itself particularly well to low-temperature fuels 
containing from 8 to 12 per cent of volatile matter, 
and it would therefore appear that practically any fuel 
is suitable and may be used in pulverized form. If 
this is so, and burners are now designed with an adjust¬ 
ment to cover all conditions efficiently, a point has 
been reached beyond the range of mechanical stokers. 
One of the chief essentials in ms^taining a continuously 
high boiler efficiency is to keep the plant up to a high 
standard of overhaul and cleanliness, and difficulty is 


experienced on old plants where there may be a large 
number of small units all in seinJice at times of heavy 
demand. A higher efficiency can be expected from 
a modern lay-out, especially in its earher days. 
Professor G. R. Scholes : It is evident that furnace 
design has been given very cai-eful consideration 
in tlie paper, and one outstanding feature of the boiler 
installations mentioned has been the cubical capacity 
of the furnaces used. Believing that large furnaces 
tend to increase the boiler efficiency, I calculated the 
amount of pulverized coal burned per cubic ft. of boiler 
furnace in 11 plants now being installed in America by 
the Combustion Engineering Corporation. The boilers 
are of several different makes and the average furnace 
volume per boiler horse-power rating is 6*6 cubic ft. 
At Cahokia the furnace volume per boiler horse-power 
is cubic ft. Assuming that the normal load on the 
boilers is equal to a 300 per cent rating and that the 
evaporation from and at 212® F. per lb. of coal is 
10 lb., the average coal burned per hour per cubic ft. of 
furnace volume in these boilers is 1 • 84 lb. The author's 
figure of 1 cubic ft. of furnace volume per 3 lb. of coal 
burned per hour is thus a conservative one, and the 
tests given on page 404 in connection with the Lakeside 
station show 1*39 lb. of coal burned per hour per 
cubic ft. of furnace volume when the boiler is working 
on a 216 per cent rating. Boiler manufacturers in 
America using mechanical stokers are increasing the 
volumes of their furnaces, and three recent installations 
show that the rate of burning coal is respectively 
2*33,.2*0 and 3*37 lb. per hour per cubic ft. of boiler 
furnace with the boiler working on a 260 per cent 
rating. Can the author give similar figures for large 
boiler installations in this country similar to that of 
the Dalmamock station ? He has pointed out the 
great importance attached to the provision of a water 
screen in the base of the furnace, and it is evident that 
with the high furnace temperatures involved—which 
are probably of the order of 3 000® F.—^the question 
of refractory material for furnace linings is of great 
importance. At the Cahokia station at St. Louis, 
water screens are used in the front and rear of the 
furnace in addition to the bottom, and Foster radiant 
superheaters are being fitted to the side walls of the 
furnaces in two of the boilers. By these means it 
is hoped to lengthen the life of the furnace linings 
by reducing the temperature in the locality of the 
screen and superheater tubes. Can the author say 
whether the maximum amount of moisture of 2 per 
cent which is allowable is adherent or inherent ? 

I gather that tlie coal is crushed to pass Ihrough a 
|-inch ring, and is then taken through a vertical drier. 
It does not seem likely that the inherent moisture 
would be affected by this process. The aulhor refers 
to the high efficiency obtained .by the Edgemoor 4-pass 
boiler, and suggests that this efficiency is probably 
due to the gases passing the tubes four times. It is 
interesting to note that the latest Edgemoor boiler 
is a baffleless* single-pass boiler, and that very high 
efficiencies are anticinated. Pressures in steam boilftTs 
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are increasing rapidly; some American boiler manufac¬ 
turers market boilers for working pressures of 600 lb. 
per sq. in., and designs are in hand for pressures of 
1 200 lb. per sq. in.^ 

Mr. F. R. Maxted: In considering the case of 
pulverized fuel, I have chiefly^concerned myself with 
the question for and against adopting the system in 
this country on plants now working with mechanical 
stokers. It seeihs to me that the first point of importance 
lies in the price at which a suitable fuel can be purchased. 
A recent quotation which came to my notice for coal, 
suitable in every way for powdered fuel, was 9s. 3d. 
per ton. Wl^at will be the price of this fuel in a year 
or so*s time when a demand has been created for it ? 
A particular boiler plant in which I am interested is 
to consist of six Babcock boilers, four of which are now 
installed, and these will presently consume 100 tons of 
coal per boiler per week, i.e. 600 tons of coal per week 
on five boilers working out of the six. The fuel to-day 
costs 21s. 7d. per ton, and, on account of the heavy 
duty on the boilers, it has not been found possible to 
use a cheaper-grade coal, nor does it seem hkely that 
we shall be able to do so in the future. I have taken 
this particular plant and examined the cost of installing 
coal-dpst firing and the economy that would result. 
The boilers are fitted with every modern appliance 
and instruments for the scientific control of the boilers 
and continuous testing. On week-in, week-out tests, 
the average ^ciency of the plant is 75 per cent, and 
when it is consideted that the average boiler plant in 
the country has an efficiency, as the author has told 
us, of just under 60 per cent, it would not at first appear 
that a case could be made out for powdered fuel. The 
’cliimney issues black smoke at intervals and gases 
pass away at 400® F. There is a. loss on the refuse 
heap equivalent to 6 per cent of the fuel fired, which 
amounts to a loss to the ash heap of 1 300 tons of 
coal per year. The labour in the stokehold to-day on 
the four boilers is from two firemen per shift, and 
I estimate that with coal-dust firing this labour can 
be halved, thus saving approximately £400 a year. 
The type of coal grinder selected as being most suitable 
is the turbo-pulverizer manufactured by the Powdered 
Fuel t^lant Co. This machine appears to be the lowest 
in first cost, occupies very little floor space and cuts 
out the heavy initial cost of coal driers,, magnetic 
separator and fan. One of these machines would be 
installed on each boiler, and the power required to 
operate them would be 25 h.p. per machine. After 
adding the cost of grinding to the price of the fuel, 
adding 3d. per ton for maintenance and deducting 
lOd. per ton, which is the cost of running our existing 
mechanical draught, and assuming, that the 9s. 3d. 
per ton mentioned above would probably be increased 
to 12s. in the course of time, allowing for grinding, 
etc,, the cost at the boilers on this same fuel would 
be 14s., 3d. per ton. On a basis of heat units per Id., 
w'e have the following comparison : To-day we obtain 
106 000 B.Th.U.'s per Id. on stoker firing, and with 
coal dust, the cost, after allowing for grinding, etc.. 
Works out at Id. per 123 000 B.Th,U.'s. Assuming 
an 80 per cent efficiency, and allowing 10 per cent fpr 
interest and depreciation, the saving in favour of coal 


dust "works out at £4 700 per year, and pays back 
the cost of alterations in approximately 1 year and 
9 months. A few days ago I had an opportunity of 
inspecting two Babcock and Wilcox boilers, each of 
a capacity of 30 060 lb. per hour, fitted* for burning 
coal dust and blast-furnace gas. This plant was fitted 
with one turbo-pulverizer, which supplied fuel for the 
two boilers. On the firing floor there was not the 
least appearance of coal dust or coal, and one man 
only was in charge of the complete plant. The iron 
content of the blast-furnace gas ha<j the effect of fusing 
the ash, which fell to the bottom of the combustion 
chamber as a molten slag. I was told that the cleaning 
out of this slag was done at week-ends only, when there 
was a layer of about 12 to 14 in. There was said to 
be no difficulty in breaking this slag up and removing 
it. From Monday morning to Saturday night no 
labour was employed other than the one man mentioned. 
The turbo-pulverizer machine had been in use . for 
two years and had given no trouble. The whole appear¬ 
ance of the plant was most pleasing, and it was very 
easy to control. The turbo-pulverizer made very little 
noise and seemed to have practically no vibration. 
There was no smoke at the chimney except a light 
grey vapour which was lost to view at about 10 ft. 
from the chimney top. The chief points in favour 
of coal-dust firing seem to me to be: (1) The ability 
to bum a low-grade fuel; (2) the ability to follow 
fluctuations of demand; and (3) the elimination of 
arduous work on the part of firemen, entailing extreme 
physical fatigue. In regard to the type of pulverizer 
selected for the 6-boiler installation referred to, it is 
probable that a central grinding plant would make 
the change-over too costly to be considered, and, in 
addition, it is probable that a case for coal-dust firing 
could only be made out for this particular job when 
employing, a cheaper-grade fuel. 

Mr. G. P. Dermis : I have been following with 
interest a pulverized-coal system manufactured in 
Liverpool which does all that the Americans claim 
to do, but with less initial expense and with lower 
operating costs. This method is known as the Buell 
system and possesses several novel features. It com¬ 
prises a special burner which enables a very low grade 
o:^ fuel to be used. The burner is a marked advance 
on any other, because it enables the operator to obtain 
such an intimate mixture of air and coal that any 
grade of fuel can be efficiently burned, and, at the 
same time, the length and shape of the flame can be 
changed as desired. This flame control enables a 
much smaller combustion chamber to be used than 
that required in the United States. A further advantage 
is that the Buell electric control automatically regulates 
its own steam pressure. When the correct head of 
steam is raised, tlie flame is regulated so that a constant 
pressure is maintained. Sudden demands for increased 
pressure are instantly met, and it is possible to work 
the boiler at 100 per cent overload. It is possible 
with this system to use lignite—an extremely low-grade 
fuel—on a Cornish boiler. In Australia this system 
is more successful than any other, and four Babcock 
and Wilcox boilers with a normal capacity of 1 425 h.p. 
are now successfully running in Melbourne. The 
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difficulty of the successful pulverization of coal with 
a low power factor has already been solved by the 
use of the Buell-Milloyd unit, which works at the 
low grinding cost of 7 kWh per ton ground, while its 
life is conSderably longer than" tliat of American 
pulverizers used for this purpose. WTiile America has 
made considerable progress in the adaptation of 
pulverized coal, I am glad to say that England is in 
no way lagging beliind in the manufacture of efficient 
apparatus for burning it. 

]\^F. H. Hollands t I feel tbat tliere is very 
little left to say regarding the principles of powdered- 
coal firing, but on many points I cannot agree with 
tlie author's application of those principles, I a m 
convinced that the unit system is the only one worthy 
of consideration in this country. The author states 
that he ha^ not included any reference to this system 
because '' in the first place tliis is more applicable to 
smaller boiler plants and not so much to large power 
station work, while general furnace work is also dis- 
appomting." I would ask members to bear in mind 
that it is nearly impossible to make any sort of useful 
comparison between the power stations of America 
and tliose of tliis country, but there is no power station 
in Great Britain, either built or contemplated, to which 
the unit system could not successfully be appHed. 
At tlae present time there are running, on boilers alone, 
160 turbo-pulverizers burning a total of 146*2 tons 
of coal per hour, while for furnaces the figures are 288 
and 92*1 respectively. It may therefore be agreed 
that this system has certainly gone beyond ttie experi¬ 
mental stage and has, in fact, taken a much greater 
hold on engineers in Europe than has any other form 
of central station firing. The author states that witli 
crushing or grinding mills of the Fuller or ,Raymona 
type the coal has to be dried down to at least 2 per 
cent and preferably J per cent of moisture. With 
the unit system it is easily possible to use coal containing 
8 per cent moisture, while, by passing preheated air 
through the macliine with the coal, moisture contents 
as high as 15 per cent have been dealt with. In an 
article in the Iron and Coal Trades Review, February 
1922, under Mr. Brownlie's name, it was stated 
tliat if coal can be pulverized without drying it 
would be an enormous improvement, but up to tMfe 
present .time it always been considered necessary 
to dry it to within 1 per cent moisture—a formidable 
operation for most coals." I am in entire agreement 
with this view. Driers are, at - the best, costly 
additions to a plant; they are inefficient and are, on 
account of their great radiant heat, unpleasant to 
work near. With any form of central station practice 
or, in fact, with any system which stores powdered 
coal, there is a very real danger. of , explosion or 
spont^eous combustion, and a npmber of appalling 
accidents due to .tliese causes have taken place in 
America. As, the author points out, the risk has 
now been larg^y overcome, but this has entailed special 
bunkers, spe^l buildings, and altogether considerable 
unnecessary e:^ense. With the unit system the coal 
is burnt as it is pulverized; none is stored and there 
IS therefore no j>ossible risk of fire or explosion. The 
author deals very fully with the ash-slagging question 
VOL, 63, 


including the water screen designed to overcome any 
such trouble. Such a screen is an unnecessary luxury, 
since a proper design of combustion chamber will 
always result in the ash being deposited in a perfectly 
dry state. At Hami^eremith Corporation Electricity 
Works where tliree boilers burning powdered coal 
are evaporating 130 000 lb. of water per hour-no 
trouble due to ash slagging has been experienced, 
and the same remark applies to almost every unit 
plant m the country. The combustion chamber should 
be so designed tliat there is a vacuum at the base 
balanced pressure in the middle zone, and a slight 
plus pressure at the first pass. The ingOing cold air 
coote the ash and prevents tlie formation of slag. It 
imght be suggested that such an arrangement would 
lower the efficiency of the plant, but that this is not 
the case is convincingly shown in the two following 
extracts taken from recent tests on boilers fired by 
turbo-pulverizers. The first is a Babcock 
and Wilcox boiler having a heating surface of 5 760 
sq. ft. and which, using a coal (Durham splints) having 
a calorific value of 9 650 B.Th.U.'s per lb., has been 
running with a constant overall efficiency of 83 per 
cent. "Die second case , is also a Babcock and W'Ucox 
boiler with a heating surface of 2 690 sq. ft. and which, 
using a coal having a calorific value of 10 788 B.Th.U.’s 
rumiing with a constant overall 
efficiency of 86 per cent. In dealing with the troubles 
due to wear of brickwork, the author makes little or 
no reference to a point which, to my mind, is of the 
highest importance, i.e. the velocity of the powdered 
coal in the pipes and through the burner. Most of 
tlie early troubles were due to too liigh velocities, the 
result being serious impinging on, and consequent 
scouring of, the brickwork. That fact has now been 
recognized and it is not uncommon with unit pulverizers 
for a plant to run for 18 months without any repairs 
to the brickwork being required. To sum up, I would 
say that, while the unit system is giving results quite 
as good as those obtained on any other system, the 
difference in cost is enormous, the space occupied is 
very considerably smaUer. while the risk of fire or 
explosion is entirely eliminated. 

Mr. R. G. Devey: The author refers to boiler plants 
in this country working at 60 to 70 per cent efficiency. 

I ^®^ture to say that what is required is not altogether 
the mstalling of pnlverized-fuel plant but tlie intro¬ 
duction of scientific control on the boiler plants which 
are working to-day. I should Uke to ask the author 
how he proposes to deal with the present boiler plants. 

A number of new ones having recently been put down, 
does he suggest scrapping these to make room for 
pulverized-fuel boiler plants? Assuming that with 
mechanically fired boilers the efficiency is from 78 to 
80 per cent, to scrap existing plants would mean pro¬ 
viding a sinking fund and adding interest at the rate 
of 6 per cent to the workii% cost if the pulverized 
system were introduced. It appears that to obtain a 
ffigher efficiency equal to, say, 85 per cent the saving 
in fuel would .hardly warrant the scrapping of existing 
mechanically fired plants which are at present scientifi¬ 
cally controlled. If this is so, then pulverized plants 
are a good proposition only when a new installation is 
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being put down. In comparing A.merican and British 
plants, it is rather unfortunate that the author had to 
deal with plants having load factors of 60 and 34 per 
cent respectively, as o low load factor cannot compare 
with a high one on boiler pl|,nts. I should like to 
suggest that for boiler plants the steam load factor 
should be compared and not the power station load 
factor, as there are a number of variables in tlie power 
house which differ in efiBiciency, such as turbines, 
generators, vacuum, water temperatures, etc. I should 
be glad if the author would state if suitable furnace 
linings are obtainable in this country to withstand 
high tempei^tures. 

Mr. E. Moxon: The paper is of great value to 
power station engineers, particularly as it has been 
presented at a time when everyone is striving his 
utmost to obtain the highest possible ef&ciency in the 
generation of electricity. The past few years has 
seen an enormous advance in the demand for electricity 
for all purposes, and to cope with this many generating 
stations of large capacity have been designed and put 
into commission, whilst a large number of the old 
generating stations have been modernized or enlarged. 
Although very large boiler units have been erected, 
with the adoption of higher pressures and temperatures 
the method of firing the. coal has been chiefty by means 
of mechanical stokers. It is somewhat astonishing 
that more stations have not equipped at least an experi¬ 
mental plant using pulverized coal for firing purposes. 
One can, however, quite understajad that the smaller 
station requiring extensions of its boiler plant hardly j 
dares to adopt pulverized-fuel equipment, on account 
of the capital expendibire involved being greater for 
this type of equipment than for mechanical stokers. 
Furthermore, the small amount of data available 
from independent and unbiased sources has perhaps 
tended to impede progress in the direction now recom¬ 
mended by the author. The engineers of smaller 
electricity undertakings have to be very careful that 
any plant that they adopt must be reliable and capable 
of giving regular service when required, and this view 
might even outweigh the advantages of more modem 
plant able to give a higher efficiency of a few per cent, 
chiefly on account of the fact that smaller stations 
have not, as a rule, the amount of spare plant that 
larger stations have. Again, later additions of plant 
are generally larger units, which often constitute a 
. fairly large percentage of the total equipment; hence 
the necessity for the utmost reliability of the later 
units installed. Referring to the efficiency obtainable, 
a small generating station can to-day, with coal costing 
17s. per ton delivered, generate 1 kWh for, say 0*23d., 
with a £0 per cent load factor, the steam generating 
plant having an ali-the-year-round thermal efficiency 
of over 12 per cent, i.e. on units generated. One is 
inclined to think that on account of the extra expenditure 
involved in obtaining a very slight increase in the thermal 
efficiency of the steam-raising plant, given equal ex¬ 
penditure on other sections of the undertaking, Ihe 
financial gain would be greater from a commercial 
point of view. I am rather afraid that firing pulverized 
fuel will, unless the draught is very carefully regulated, 
result in the emission of fine particle of dust andL grits 


from tire chimney, and I know from experience that 
this can be, in the case of mechanical firing of very 
fine fuel (commonly called dant'' or pit-heap coal), 
a great nuisance ^o neighbouring properties. Dust 
or grit extractors are not very effective, but perhaps 
the more common use of pulverized fuel has brought 
in its train an efficient remedy. My personal opinion 
is that the greatest value could be obtained by using 
pulverized fuel at generating stations close to large 
collieries for making use of the " dant from coal 
washeries and pit-heap coal that has been deposited 
at the pit head for years, and any other low-grade 
fuel that may be available. This should be purchasable 
in large quantities at very low rates, and as the transport 
charges would be almost negligible the coal costs 
per unit would be very low indeed. Furthermore, 
the dust problem would riot be of any consequence. 

I consider that the very great overload capacity of a 
boiler fire'd with pulverized fuel, stated in the paper 
to be 100 per cent, taken in conjunction with the speed 
at which a boiler so fired can be brought into and 
taken out of action, will make the use of a certain portion 
of the boiler equipment of this class of great value 
to meet peak-load requirements. I should like to 
ask tlie author whether the efficiency figures given 
for stations using pulverized fuel are calculated on 
the weight of fuel fired as dried or on the weight 
received in the bunkers. 

Mr. E. W. HaU: I should like to ask^the author 
if he has any knowledge of the pulverized-fuel system 
being applied to marine practice, and if, in bis opinion, 
its adoption would entail alteration .to the existing 
boilers, whether of the Scotch or of the water-tube 
^e. Also, does he tliink that tire noise caused by 
the operation of the pulverizers would make the system 
unsuitable for passenger liners ? 

Mr. A. E. Malpas : In the latest practice the 
vertical-louvre t 3 q)e of drier is adopted. I take it 
that the moisture evaporated from the crushed fuel 
escapes with the chimney gases. The temperature is 
supposed to be continuously maintained at 215® F. 
in order to drive off the hygroscopic water, leaving 
about 2 per cent combined water which can only be 
driven off at a somewhat liigher temperature. Should 
£tie temperature rise above 216® F., however, there 
will be some tendency for volatiles to be driven off 
and so lost in the chimney, and I should like to know 
how the temperature is controlled. 

Mr, H. S. Rowe: Many of the advantages claimed 
for pulverized fuel are as much due to scientific control 
as to the fuel itself. As the accuracy of the author's 
figures for the average efficiency of steam generation 
in this country and elsewhere have never been seriously 
disputed, it is interesting to note—^in regard to the 
statement made at the foot of page 397 as to the 
efficiency of water-tube Boiler plants—^that an increase 
in the average efficiency of 70 per cent to»the attainable 
efficiency of 80 per cent would result in a saving of 
one-seventh of the total fuel consumption. In a plant 
consuming 300 tons per week this w:ould represent 
a saving of about 2 200 tons or, say, £1 700 annually. 
Sudi a result demands close and accurate attention 
I and will justify the pa 3 anent of £600 per annum to 
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a suitably qualified engineer who would obtain it, 
although this is a proposition which many owners of 
boiler plants would not consider. High efficiencies 
are claiime^ for other methods qf steam generation. 
As much as 88 per cent is claimed for steam generation 
on marine boilers fitted with forced draught and air 
preheaters, and I should be glad if the author would 
state if he has any knowledge of such a figure being 
actually obtained. No claim was made in this case 
for using poor qualify fuel, such as is frequently made 
,, by advocates of pulverized fuel. In spite of such 
claims made on page 389 and elsewhere, it will be 
noted that the guarantees quoted on page 396 regarding 
the Vitry installation do not refer to low-grade fuel, 
whilst the fuel used in the Dalmarnock station (see 
page 399) is of a quality inferior to that used in the 
tests on the Lakeside plant (see page 404). There 
seems to be some divergence of opinion as to the best 
size of combustion chamber required for use with 
pulverized fuel. This is evidenced even in the paper 
itself, as figures given, on page 404 indicate that about 
1 • 62 lb. of fuel are fired per hour per cubic ft. of combus¬ 
tion space at normal working, whereas on page 400 
it is stated that 3 lb. of fuel are fired hourly for each, 
cubic ft. of space, wliilst on page 407 the description 
oi the River Rouge plant shows that about 1 cubic ft. 
per lb. of coal per hour is required, assuming that the 
boilers relied entirely on coal. The amount of power 
required for pulverizing is claimed to be exceptionally 
low and, although in the case of the Vitry power station 
the power consumption is guaranteed not to exceed 
1 per cent of the steam production, this involves the 
production of power at an expenditure of 1 • 15 lb. of 
coal per kWh, an exceptionally low figure. From 
the figures quoted on page 400. it would appear that 
the total power consumed at Dalmarnock station is 
between 4 and 6 per cent of the total amount generated, 
and although on page 397 the author states that 1*6 per 
cent of power is used as an auxiliary to the production 
of steam in the most efficient boiler plants, yet tlie 
figures quoted on page 401 show that in one case 
9 per cent and in another case 4*3 per cent of the 
power generated at Dalmarnock is consumed in the 
boiler house during test periods. The figures quoted 
on page 406 for losses in unburnt fuel in ashes can only 
be described as illustrative of the general carelessness 
in these matters, and the Dalmarnock figures quoted 
on page 401, showing only 1-07 per cent loss in this 
respect, demonstrate what can be done with care, 
this figure being less tlian the 2 per cent quoted by the 
author as being the best stoker practice. Whatever 
may be the thermal efficiency of steam generation it 
is the ultimate aim of engineers to produce steam 
as cheaply as possible. From the figures quoted on 
page 416 the average cost of the fuel used works out 
at between 26s. and 27s. per English ton, and steam 
•is then produced with pffiverized fuel at a cost of 
about 21 • 2d. per 1000 lb. The cost of steam at Dalmar¬ 
nock, arrived at from the figures given in Table 16,' 
may be fairly estimate, after allowing 20 per cent 
.^or capital charges, as about 19»26d. per 1 000 lb. At 
^ local power station and a factory steam is produced at 


a less cost than at the American plant mentioned, and 
it may be that the.heavy charges for fuel and labour 
in America make it worth while to follow up the small 
higher efficiency obtainable from pulverized fuel in- 
order to reduce steani charges to a minimum. The 
author has made out a case for the careful attention 
by British engineers to the claims of pulverized fuel 
where heavy demands for steam are to be met. 

Mr. E. Cook (communicated): Whilst the author 
has undoubtedly made out a good case for pulverized- 
fuel sto^g, considerable improvement could be made 
mechanical stoker plant efficiencies, without 
entailing additional capital outlay, by a closer super¬ 
vision and a greater appreciation of boiler plant economics 
by the engineers in charge of steam-raising plant. 
The figures quoted of the Dalmarnock station were 
obtained under a very complete system of record 
keeping and testing, indicating the close attention to 
details wliich is absolutely necessary. The fact that 
figures approacliing those of Dalmarnock are not 
obtained on the average station to-day with meclianical 
stoker plant is, in my opinion, largely due to inattention 
to the above-mentioned points of testing,, record keeping 
(with the intelligent use thereof) and details of firing. 

If a station of averap capacity, say ’10 000 to 20 000 
kW, is to-day operating, with mechanical stoker plant 
and an average calorific value of fuel of 9 600-10 600 
B.Th.U.*s, at a boiler-house commercial efficiency of 
less than . 75 per cent, then there is sometMng radically 
wrong either witli the plant or its operation. The 
author's . main arguments appear to be based upon 
stations of large capacity. The majority of engineers 
are, however, probabty interested in stations of medium 
capacity, , say 10 000 to 20 000 kW, and the question 
arises as to the advisability of installing pulverized fuel 
plant in such stations. If a figuife'of not less than 
76 per cent commercial efficiency can be obtained—and 
it certainly ought to be on such medium-capacity stations 
can the additional 5 J per cent’ efficiency be obtained 
by pulverized-fiiel plant,, and is the capital expenditure 
and maintenance warranted ? On the other hand, is it 
not a better proposition to operate existing plant more 
efficiently by expending a portion of this outlay on 
efficient apparatus and continuous technical super¬ 
vision- of boiler-house operation? This would un¬ 
doubtedly produce a definite return, whilst the installa¬ 
tion of pulverized-fuel plant, unless accompanied by 
the necessary efficient apparatus and supervision already 
mentioned, imght conceivably yield no return at all. 

In Table 6 the author quotes a calorific value of the 
coal as-fired.of 9 905 B.Th.U.'s, with an ash content 
of 12*74 per cent of the total coal. Tins seems to be 
an abnormally low ash content for such a** calorific 
value, and unless the coal contains an unusually high 
percentage of moisture it seems difficult to account 
for the discrepancy. The foregoing remarks are based 
on the assumption that the plant is a modem one of 
the ordinary type met with in medium-capacity central 
stations, without air-heating and with a station load 
factor of, ■sa}^ 36 to 40 per cent. 

[The author's reply to this discussion will be found 
on page 460.] ^ 
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Mr R. McLaren: ''The paper is the best summary 
of the position of the operation^f pulverized fuel Aat 
we have had since Mr. Harvey’s Report to *e Fuel 
Research Board in 1919. I propose to confine iny 
remarks* to one or two of the more important points 
in the paper. As regards thermal efficiency, the author 
can hardly expect us to accept the figures given in 
Table 2 If they were correct, it would reflect more 
on those operating the plants than on the plants them¬ 
selves. On the other hand, the efficiencies given for 
pulverized-fuel plants are based on one of the most 
scientifically operated stations in the world. It is 
futile to compare such a plant with a badly run station 
which happens to be served by mechanical stokers. 

It is stated in the paper that the efficiency of the Lakeside 
station is, year in and year out, 85-86 per cent, and 
a figure of even 89 per cent has been attained. The 
author very justly draws attention to the g^reat difference 
that exists between the results obtained iii day-to-day 
working and those obtained on test. If he can get 
86-86 per cent • efficiency in day-to-day running, why 
is it that only 8'4 per, cent is guaranteed for Vitry on 
test ? It wbuld appear that the author’s optimism 
is not shared by the Lopulco Company, because one 
would naturally thiiik that if it were possible to get 
that efficiency on regular service, the test figure would 
be, if anything, higher. Mechanical-stoker engineers mil 
guarantee 84 per cent under penalty. Such efficiencies 
could not, however, be obtained if the author’s figures 
of the percentage of unbumt carbon in the ash from 
mechanical stokers were correct. He says that this 
is about 35 per cent, but in a well-operated station it 
should not exceed TO . per cent. It is possible that the 
author’s views in, regard to the efficiency of mechanical 
stokers have been formed without knowledge of the great 
improvements that have been made in them recently. 
For instance, he says that air-heating is not a common 
thing. Air-heating is, however, very important if 
high efficiency is required, and during the past two 
or three years my firm has supplied air heaters for a 
great number of boilers both in this country and abroad. 
Air-heating is a recognized method of improving the 
efficiency of mechanical stokers. The next point is 
in regard to flexibility, in the sense of the power to 
deal with a wide range of coal, and I differ from the 
author when he claims that fuel which is pulverized 
before being burnt gives the greatest flexibility. To 
bum pulverized coal there must be a certain minimum 
content of volatile matter in order to get free igmtion 
and to maintain combustion. When I was in the 
United States last year, I was told that in several cases 
where pulverized coal was being burnt it had to be 
mixed with bituminous coal owing to the want of suffici- 
eint volatile matter in the fuel, and also in some cases 
auxiliary means of maintaining combustion had to be 
applied." That is, of course, very inconvenient. It is 
stated in the paper that the ideal fuel for pulverizing is 
one having 30 to 40 per cent volatile matter, although 
it is mentioned later that it can be burnt down to 
6 per cent. There need be no such limitation with 


mechanical stokers,, where any range of ^uel having 
any volatile content or any amount of ash can be burnt. 

At the Birmingham municipai- station I believe that 
800 tons of coal are burnt daily, the coal having a 
heat value of between 8 000 and 9 000 B.Th.U. s 
and 24 per cent volatile matter. The stokers burning 
that coal were tested a short time ago to ascer¬ 
tain how they would bum coke breeze having 
only 6 per cent volatile matter, and it was found t^t 
this could be burnt equally well with no alteration 
except as regards adjustment and regulation of the 
feed. We recently burnt some “ unscreened metal¬ 
lurgical coke ” which had a calorific value of 8 470 
B.Th.U.’s and 1‘76 per cent volatile matter. It was 
burnt on a stoker on winch we burn Botliwell singles 
having a heating value of 12 000 B.Th.U.’s and about 
26 per cent volatile matter. The author mentions low- 
grade fuel, but I do not call fuel of 12 000 B.Th.U.’s 
such as that he refers to at Milwaukee a low-grade fuel. 

I apply that term to fuel having less than 9 000 B.Th.U.’s, 
and there is no infonnation in the paper as to how 
pulverizing would affect such a fuel. Anotlier point 
is that, as shown by Mr. Harvey in his Report to the 
Fuel Research Board, the cost of pulverizing increases 
very much more rapidly than the percentage of ash, 
and to bum coal with a large amount of ash will add 
considerably to the mnning cost for pulverizing. The 
Lopulco plant appears to consist of a feeder and mixer, 
a new drier (which apparently has Hot yet been 
thoroughly tried), and the water screen, about the last- 
named of which the author is very enthusiastic. My 
firm has made two of these water screens, but only 
on the distinct understanding that we took no responsi¬ 
bility whatever for them. The author criticizes the 
steel-tube economizer and alleges that it will not last, 
but I put it to him that it will outlast the water screen. 
Referring to the remote control at the Ford plant* 
where one operator controls four boilers, or is shortly 
going to do so, by merely manipulating switches, there 
seem to be great differences in American practice, 
because according to Table 9, which deals with the 
Lakeside, station where the autlior says there are six 
boilers at work, 63 men, excluding those in the pulverizing 
house, axe employed. It certainly is not necessary to 
employ 10 men per boiler with mechanical stokers. ■ 
Mr. J. Train : Tlie question of burning pulverized 
coal seems to be one of furnace design, and from the 
results presented in the paper the Lopulco system 
seems to have overcome the difficulty in coimecbon. 
witli brickwork, etc. My firm tried pulverized fuel 
on a boiler some time ago, but unfortunately this, 
boiler was designed for use with mechanical stokers 
with the result that the brickwork lasted about three 
days. It is therefore imperative that a combustion 
chamber designed for pulverized fuel only should 
be installed. I think that one of the main reasoi» 
why this method of burning fuel has not been adopted 
extensively in this country, is that only half measures 
have been taken when it has been tried. To be a 
success, it would seem that full measures are required. 
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to obtain satisfactory results. It seems at present 
that the best results are obtained when the coal is 
burnt at the rate of 1 to lb. per cubic ft. of com¬ 
bustion surface per hour. As the author has mentioned 
the Ford plant, I should like to mention that my firm 
is at present installing two boilers each of 8 215 sq. ft. 
heating surface to be fired with a combination of 
pulverized fuel and blast-furnace gas. I would mention, 
however, that the pulverized system being installed 
is the unit system. I note that one of the principal 
claims for powdered fuel is the fact that varying grades 
of fuel can be burnt without difficulty. Opinions 
on this matter seem to have altered, as it was lately 
held that only fuel of good quality was suitable. As 
it is admitted.that the system described in the paper 
is only economical when used with large central power 
stations, I would suggest that as these are usually 
some distance from the collieries it is advisable to use 
fairly good fuel on account of freight charges, etc. 
The best place for the pulverized-fuel plant would 
appear to be at the colliery, where there is a large 
surplus of fuel which is difficult to sell, and this fuel 
could be used by the colliery company under water- 
tube boilers to generate power for their own require¬ 
ments. As the usual power station at a colliery is 
not large enough to justify the installation of the 
multiple system on account of capital cost, it would 
seem that the unit system is the more suitable. With 
this S57'stem, however, difficulties due to moisture 
arise, as if the free moisture of the fuel exceeds 4 to 
5 per cent, choking of the discharge pipes takes place, 
and if the moisture content increases beyond that 
stated, the power required increases out of all proportion. 

I would suggest that to overcome this difficulty it 
would be a good proposition to add a vertical driSr, 
such as that described by the author, to the unit 
pulverizer. With this addition I think that it would 
be possible to burn fuel for which there is no ready 
market, and which is avaikible at collieries. In con¬ 
nection with the efficiency given by the author iia 
Table 2, I think that it is in the smaller power stations, 
which cannot afford the capital outlay necessary with 
the multiple system, that the lowest efficiency occurs. 
As it is stated that the water screen is one of the principal 
i*easons for overcoming the difiiculties in connection 
with pulverized fuel, it is a question of using pure 
or distilled water. It is only at the largest stations 
that water of this kind is available, as in many stations 
it is not economical to put in evaporators for this 
purpose, owing to the lai-ge amount of make-up re¬ 
quired. It would seem, therefore, that if water screens 
are barred on account of the quality of the feed water, 
we should concentrate on designing a furnace which 
does not require water screens, and this I think will 
be done as experience is gained in actual velocities 
in the combustion chamber and with air-cooled and 
hollow walls. The evaporations given in the paper 
for various plants are obviously not in connection 
with stoker plant, and here again pure water is essential 
to prevent trouble. It is regrettable that no mention 
is made of the actual work done by the water screen 
itself, or if this heating surface is included in the boiler 
heating surface when data are given regarding evapora¬ 


tion per sq. ft. If the actual performance of the water 
screen could be stated separately, it would give a much 
better idea as to the performance of the boiler itself 
and a better basis for compar,json with stoker-fired 
boilers. I would suggest that this water screen has 
a greater eJfect on the performance than appears to 
be the case at first sight. For instance, it is stated in 
the paper that the water screen for the new boilers 
for Milwaukee has 320 sq. ft. heating surface per boiler. 
As this screen is subject to a very high temperature it is 
generally admitted that the evaporation at normal load 
will be in the nature of 41 lb. from and at 212° F. per 
sq. ft. of heating surface. This amounts ^o 13 120 lb. 
per hour. Taking, say, a boiler suitable for 50 000 lb. 
normal evaporation per hour, the water screen is 
responsible for approximately 24 per cent of this evapora¬ 
tion, If this figure is applied to the guaranteed evapora¬ 
tion per sq. ft. of boiler heating surface it reduces 
this figure considerably and gives a much better idea 
of the actual performance of the boiler. I should be 
glad if the author would give more information regarding 
the high evaporation and the amount contributed 
thereto by the water screen. The data for the repair 
bill for the pulverizer are unfortunately given for a 
case where good-quality fuel is being continuously 
used. It would be interesting to have the figures for 
the repair bill where the percentage of ash in the coal 
varies, and also the effect of various grades of coal 
on this item. 

Mr. W. Ross; The paper will, I am sure, act as 
a basis for comparisons in costs and working efficiencies 
for some years to come. One is inclined to ask whether 
the boiler designer has no share in the increased 
efficiency obtained by the use of pulverized coal. Table 
7 gives the highest evaporation per sq. ft. as 8*6 lb,, 
the efficiency as 85*6 per cent, and the tempera¬ 
ture of the stack gases as 272° F. These figures compare 
with the guarantees given for the new boiler plant 
at the Central Electric Supply Co.’s station, London, 
Of course the figure of 85 per cent efficiency for the 
London boilers is the test figure, but if banking losses 
are excluded is there any reason for supposing that 
the powdei*ed-fael boiler will keejD cleaner than the 
other ? I have mentioned the London station, but I 
think that when the several large boiler plants which 
have been laid down during the past few years are in 
full working order they should show efficiencies close 
to the 80 per cent mark, and that without putting 
in excessive heat-recovery surface, either in the 
economizer or aii’-heater. The figure of 77 per cent 
given in the paper for Dalmarnock is the average for 
the year with a load factor of 32 per cent, and the 
average stack temperature is 400° F. The^ coal used 
for banking at this station is about 6 per cent of the 
total, and if air-heaters or larger economizers were 
put in to reduce the stack temperature to, say, 250° F., 
then by eliminating the banking losses the efficiency 
would be about 87 per cent. It is, of course, admitted 
that with pulverized fuel the air supply is under better 
control, but I think that the big feature is the reduction 
of banking losses. My point is that the performance 
of an up-to-date stoker plant, combined with a heat- 
recovery surface sufficient to reduce thei stack tempera- 
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ture to about 260® F., will compare favourably with 
that of a pulverized-fuel plant at 100 per cent load 
factor and a much smaller capital cost. Boiler plants 
do not run at 100 per cent load factor, however, so 
that some means would have to be adopted to over¬ 
come this handicap. I have liad some experiments 
carried out on a 30 000-lb. C.T.M. type Babcock and 
Wilcox boiler with an oil burner fitted across tlie arch 
close to the fire door. The oil flarne, which is only 
in service for about 15 minutes, takes the place of the • 
arch until the coal is ignited and the arch hot. By 
this means it was possible to get a boiler on full load 
from cold ^ 30 minutes. This method appears to 
. me to be worthy of further investigation, as although 
it might not be good practice to raise steam so. quiddy 
from cold, it, inight take the place of the banking of 
boilers over light-load periods. On pa.ge 417. the 
author gives the analysis of the ideal coal for pulverizing, 
and it will be noted that the ash should be less than 
10 per cent. Now good washed singles and pearls 
supplied to Dalmamock generally have about 14 per 
cent ash, and advocates of this system, when pulverized 
fuel is being discussed, usually make a great point 
of. die fact that almost any sort of coal can be usefully 
and cheaply utilized. I should be glad if the author 
would say what would be the limit of ash percentage 
suitable for .pulverizing in comparisph with stoker 
gear. On page 411 he gives a summary of the auxiliary 
power required to operate a pulverized-fuel plant, and 
it is rather surprising to find that the fan power is 
given as 3 kW per ton of coal. On page 394 it is stated 
that 10 per cent of the air necessary for combustion 
is supplied at the burner at a pressure of 12 in. water 
gauge. To do this alone would, talre 22 IsW, to say 
nothing of the separating fan at the pulverizers, and 
if the figures given on page 411, with the above correc¬ 
tions, are applied to the test given on page 401 under 
induced draught, then the electric feed pump in the one 
case and the conveyers in the other will be common to 
both, and the figures would be, for 8* 3 tons per hour: 



Dalmamock 

Pulverizing 

plant 

Induced-draught fan .. 

kW 

• 68-3 

kW 

Stoker drive.' 

8-3 

— . 

Electric feed pump .. 

76-0 

75-0 

Conveyers . 

8-3 

8*3 

Pulverizing mills 

— 

99-6 

Vertical driers .. 

— 

22-4 

Pulverized-coal feed ,. 

— 

6-66 

Fans .. .. . • 

A 

— 

22-00 

Total .. 

169-9 

233*96 


It will also be noted that tlie pulverizing plant does 
not allow for drawing the remaining 90 per cent of 
combustion air into the combustion', chamber and posing 
it up the stack.. In regard to the author’s point that 
as the American engineers have done a great deal of 
.experimenting and proved the system to be a success, 
it only remains now for the British engineer tp start 


putting down plant and depend on the results obtained 
in America, I would remind him that quite a short 
time ago the multiple-retort stoker was quite the 
fashion in America and very fine results were obtained 
from it, but .1 hav^ still to hear that tllfe sam type 
of stoker has been a great success in this country. 

Mr. J. Bruce: It is claimed as one of the advantages 
of pulverized-fuel firing that the combustible in the ash 
can be kept to a value in the neighbourhood of 0-40 
to 0-74 per cent of the total coal consumed. These 
figures can also be obtained on a competently operated 
mechanical-stoker unit. It will be noted on page 401, 
in the report of the tests carried out on boilers Nos. 9 
and 10 at Dalmamock, that under balanced-draught 
conditions the combustible in tlie ash is negligible. 
Actually it was below 0'5 per cent. On another test 
carried out a week ago on a single boiler unit at the 
same power station, this item in tlie heat balance 
was 0‘63 per cent, the average rate of combustion 
being approximately 31 lb. per sq. ft. of grate area 
per hour, equal to a heat-liberation rate of 320 000 
B.Th.U.’s per sq. ft. of grate area per hour. The 
furnace efficiency in tliis instance was slightly over 
99 per cent. I am aware that values of this order are 
an exception in the case of the average mechamcal 
stoker plant, but they show what can be obtained 
with the assistance of modern scientific instruments 
and an intelligent operating crew in the boiler room. 
Undoubtedly, as tlie author points out, tlie rate of 
combustion with pulverized fuel lends itself to very 
flexible control, and that with comparatively Uttle 
difference in efficiency. ‘While the control of com¬ 
bustion rates with pulverized fuel is more flexible, 
it is surprising the little effect that changes of load 
(35: the quality of the coal will have on the overall 
efficiency of a mechanical-stoker unit if competently 
and intelligently handled. On tests of large water- 
tube boiler units I have found it possible to obtain an 
overall efficiency in the neighbourhood of 80 per cent 
at all loads from f full load up to, in certain cases, 
40 per cent overload. These again are exceptions to 
general mechanical-stoker practice, and tlie credit is 
due not so much to the equipment as to the intdli- 
gence and adaptability of the boiler-room operating 
staff. One of the early objections to the use of pulverized 
fuel was the rapid deterioration of the furnace and 
combustion chamber refractories. A similar difficulty 
is oc(iasionally experienced with mechanical-stoker 
plant when operating at liigh rates of combustion 
under balanced-draught conditions. I understand that 
refractory troubles at Milwaukee have been successfully 
overcome without any sacrifice of effi(fiency, and it 
would be of material benefit if the author in his reply 
would say how this was accomplished, and describe 
the nature or type of the firebrick used. Very great 
improvements have within recent years been effected 
in the design of mechanical-stoker plant, but the benefits 
derived from these improvements can only be realized 
if the plant is intelligently operated. Again, there 
are cases where stoker plant has been installed and 
unjustly condemned, due to the fact that in the first 
place no attempt was made to determine the correct 
combinations of grate area, arch length, and combustion- 
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chamber volume. In one case that I Imow of, the 
furnace efficiency of a mechanical-stoker plant was 
improved by from 6 to 7 per cent by re-designing the 
ignition arches. There is still room for improvement 
in mechanical-stoker design, especially in the direction 
of simple and accurate methods of scientific control. 
In my opinion, instruments for the measurement of 
coal, air, and flue-gas constituents should be looked 
upon as a part of the stoker equipment, and it is here 
that room for considerable improvement exists. More 
co-operation is required between the stoker manufacturer 
and the instrument maker, and there is a great field 
for valuable research work in this direction. Generally 
speaking, the author puts forward a very good case 
for pulverized fuel, but while such a system may be 
considered and adopted in the case of large new plants, 
I do not think that the benefits to be derived would 
warrant the scrapping of the mechanical-stoker plants 
at present in operation. A modern mechanical-stoker 
installation using preheated air and handled by an 
efficient operating staff should produce results not 
very far short of those obtained on pulverized fuel, 
and, taking into consideration the difference in capital 
cost, I think that pulverized fuel will find the mechanical 
stoker a strong rival for some time to come. The 
adoption of preheated air, the elimination of banking 
losses, and a general all-round increase in the efficiency 
of the majority of operating staffs, would go a long 
way towards bringing the efficiency of mechanical- 
stoker plants nearer to the average efficiency obtained 
with pulverized fuel. It is pointed out in the paper 
that quite a fliumber of large power stations at present 
being erected are installing mechanical-stoker units. 
Is the author aware of the reasons that finally decided 
this course ? The greatest factor influencing the 
economical combustion of coal and the generation of 
steam is the human element, and what is needed, 
equally as urgently as new and improved plant, is 
the education and all-round increase in status of boiler- 
room operatives. Taldng the mechanical-stoker plants 
in operation to-day, I think that not 90 per cent of 
them are as efficiently operated as they could be. The 
same result would occur if pulverized fuel were adopted. 
Possibly 6 or 10 per cent of the plants would be operated 
in an efficient manner, the remainder falling into the 
class at present occupied by the majority of mechanical- 
stoker plants, and not until we reduce the effect of 
the human factor shall we be in a position to utilize 
efficiently new metliods of burning coal. From the 
point of view of tire chemist also, pulverized fuel does 
not offer the solution to the problem, inasmuch as it 
still entails the total consumption of the coal in the 
raw state, there being no provision for the extraction 
and recovery of the valuable by-products. The objec¬ 
tion to the chemists’ schemes of low-temperature 
carbonization, gas-fired boilers, and by-product re¬ 
covery, is the enormous ground space required for 
the gas-producer plant. For instance, in the case of 
Dalmamock soinethmg like 260 gas producers, with 
their ac(^mpan 3 ring auxiliary plant, would be required 
to supply steam for the present capacity of the station. 
It is my opinion, however, that cheap steanpi, the 
abatement of smoke, a cleaner atmosphere, and healthier 


industrial communities will only be obtained by a 
compromise between pulverized fuel and low-temperature 
carbonization, the boiler plants being fired by a combina¬ 
tion of gas, and the pulverized coke from the producer 
plant, the coke not required by tlie generating stations 
being supplied for hcusehold consumption. A great 
amount of hard work must be done by our pioneers 
of science and engineering before the dawn of such 
an era, but steps should in the meantime be taken to 
make everyone in general, and engineers in particular, 
realize more fully that the black smoke polluting our 
industrial centres represents the prodigal squandering 
of civilization's greatest inheritance. ^ 

Mr, J, W, L. Jones : We ask ourselves why is it 
that so little progress has been made in what un¬ 
doubtedly does represent a much better plant when 
dealing with a big installation, i.e. the use of powdered 
fuel, I tloink that it is perhaps to some extent due 
to the fact that manufacturers of powdered-fuel plant 
have been rather anxious to make a stai't in this country 
and are not sufficiently careful in the selection of the 
plant on which they are going to work, with the result 
that they have been putting installations into existing 
boilers where the setting is low and consequently the 
combustion chambers are too confined. Inevitaljly 
they have found themselves confronted with problems 
that are practically impossible to solve, with the result 
that purchasers have become disgusted with the experi¬ 
ments and progress has therefore been retarded. The 
paper states that the Americans have spent stupendous 
sums of money on the development of the powdered- 
fuel system, and this is undoubtedly true. My opinion 
is that powdered-fuel plants will not come into great 
vogue in this country except for large stations, where 
the large capital expenditure would be warranted. 
The paper does not give much information about the 
unit system, and I should be obliged if the author 
would say what is the difference in results attained 
by the two systems. Wfith reference to Mr, McLaron's 
remarks as to what stoker practice had done, it is 
perfectly true that the development of stokers has 
gone on from year to year, and low-grade fuels, both 
antluracite and bituminous, present no great difficulties. 
Stokers have, however, definite limitations in certain 
directions. Stokers cannot bum efficiently low-grade 
fuels that are high in moisture content beyond 28 to 
30 lb, per sq. ft. of grate, unless hot air is adopted, 
whereas with such powdered-fuel plants as arc de.scribed 
in the paper there is practically no limit to the atnoimt 
that can be burnt. It is merely a question of feeding 
into the furnace a sufficient quantity to obtain the 
capacity required, 

Mr. R. B. Mitchell: It is rather remarkable that 
the Dalmamock station makes a good basis of com¬ 
parison with Lakeside so far as capacity is concerned; 
in fact, tlie two stations are very similar with respect 
to size and running conditions, the one exception being 
load factor, which at Lakeside is 60 per cent and at 
Dalmamock 34 per cent. The author has made out 
a very strong case for pulverized fuel, and the figures 
which he puts forward are very striking. It is a most 
desirable thing to have a boiler-house efficiency of 8fi 
per cent, and in the case of Dalmamock an improvement 
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from 76 per cent to 86 per cent would mean a saving 
of £12 000 per annum, I think, however, that the 
hesitancy which the engineers in this country have 
shown in adopting pulverized fuel is due to the fact 
that they recognize ^that pulverized fuel is passing 
through a transition stage. la the development of 
ever)rthing new there is a stage in which changes are 
very rapid, and what is up-to-date to-day may be 
obsolete in a few months* time, and I think, therefore, 
that it is quite right that conservatism should be shown 
in this way. For instance, it is not yet certain whether 
a form of pulverized-fuel plant such as that put forward 
by the autliqr is the right thing. I know that experi¬ 
ments are being carried forward in America with a 
design of furnace which is much smaller in proportion 
than that described in the paper; and the velocity 
of the furnace gases is very much lower. That form 
of furnace might be followed up with interest and 


compared in time with that described by tlie author. 
The problem of the emission of ash from the chimney 
is certainly one that would require serious consideration, 
especially in a station situated—as Dalmarnock is— 
in the midst of a clbsely populated district. Where a 
station is situated in the outskirts of a town there 
may be no difficultj^ but a town station is different. 
The reference in the paper to low-temperature carboniza¬ 
tion in conjunction with pulverized fuel is very interest¬ 
ing. I did not realize that such a thing was possible, 
and it is well to know that the residual from low- 
temperature carbonization can be burned in pulverized 
form with high efficiency. I agree with the author 
that it is vital that the utmost should be made of the 
fuel resources of the country. 

[The author's reply to this discussion will be found 
on page 460.] 


North-Western Centre, at Manchester, 18 December, 1923, 


Mr. A. B. Mallinson: Within the last month I 
have been through some of the typical pulverized-fuel 
stations in the United States, where pulverized fuel 
has made enormous strides during the last two years. 
I must admit that what I saw at Cahokia and at the 
River Rouge plant of the Ford Company was wonderful. 
Take the Union Electric station at Cahokia, St. Louis. 
Quite apart from the question of pulverized fuel, that 
station impressed me as being a wonderful monument 
to American " push." A station with two 30 000-kW 
turbo-generators in it had been virgin ground in June 
1922 ; the first pile on the bank of the Mississippi was 
driven in that month; when I visited the station on 
the 18th November, 1923, they had been generating for 
over a month, and the whole of the concrete sub-founda¬ 
tion work and condenser pit had been put in for another 
two 40 000-kW sets. They told me that for many 
months they had had 2 200 contractors* men working 
on that station, and the day I was there there were 
1 600. There are 8 Babcock boilers each of 17 800 sq. ft. 
heating surface. It is almost uncanny to see the sim¬ 
plicity of operation at that station. What is called the 
Quigley system is used for moving the pulverized fuel 
from the pulverizers to the bins. It is dropped from 
the pulverizer into a vessel which holds, I think, 6 000 lb. 
of coal, and then the operator “ shoots ** it by compressed 
air first to one boiler bunker and then to another. There 
has been a lot of talk about the danger from explosion. 
Incidentally I should like to know whether the author 
has heard of the very onerous conditions which the 
National Fire Protection Association Committee a short 
time ago Grafted at their annual meetiaig in Chicago. 
At Cahokia the pulverizing plant backs on to the boilers, 
and they have taken care to put a strong reinforced 
concrete wall right up from top. to bottom, and the 
other side is all glass windows, the reason being that if 
there is an explosion they want it to go outwards. I 
was told that so far they have not experienced any 
. trouble with the plant. After that I saw the plant of 
the Ford Motor Co. at the River Rouge, Detroit. That 
plant was different from the CahoHa station in that 


the station had been some time in operation and was 
in a practically finished condition. The author is quite 
right in what he has said about the number of the staff. 
What he did not mention is that everybody in the 
boiler house at the station is dressed in a white duck 
suit, and there is no sign whatever of coal dust or ash 
on the floors, or the tops of pipes, or anywhere. When 
I saw it the station was using just under 70 per cent 
of blast-furnace gas, and the remainder was pulverized 
fuel. The pulverizing plant is in a separate building, 
and the pulverized fuel is brought up by screw conveyers 
to the hoppers or bunkers over the tops of the boilers. 
The author gives figures in regard to the size of these 
stations. The remarkable tiling is that they do not 
look big, owing to everything being symmetrically 
proportioned. The chimneys at CaJiokia and River 
Rouge are all over 300 ft., but they looked no higher 
than an English power station chimney. I think that 
the author has rather run down the Englishman and, 
in making comparisons between modem British practice 
and modem American practice, has taken as his basis 
data which he has collected in this country during the 
past 10 or 15 years from plants many of which we Imow 
cannot be regarded as t 3 q)ical of plants which rely for 
their existence upon the generation of electricity for 
profit. In many cases they are simply part and parcel 
of a big worlds equipment. With regard to the question 
of ash, the Ford station is reasonably clean outside, but 
in the paper it is admitted that 17 J per cent of the ash' 
goes out of the top of the chimney. I wonder what a 
Manchester smoke nuisance inspector would say about 
that. The high chimneys must undoubtedly carry the 
dust some distance before it is deposited ; that iS well 
known in the paper trade. I cannot quite understand 
Table 8. I was told in the States that no carbon was 
left in the ash from these plants—at any rate it was 
under 1 per cent; but in the heat balance we get 
0»6 per cent in the first instance and 0*9 per cent in 
the last. Further up that table under *' Ash and refuse *’ 
we see figures of 3-6, 6*26 and 0*45 per cent, which 
added together total 10*^31 per cent of carbon in the 




EFFICIENT STEAM GENERATION: DISCUSSION. 


441 


ash. Is that burned effectively, or has it to be hantlled 
over and over again before it goes back to the boiler ? 
The automatic control at the l*ord works is certainly 
wonderful, but 1 do not tliink that it coukl be atlopted 
anywhere elSe. The chief engineer of the J.opuleo 
Company said that the ('oinpany arc not keen on the 
automatic system. Jucidentally, J heard that the Hailey 
meter was giving wonderfully good results with the 
automatic control. Ai C'ahokia 4 of Ihe S boilers 
were to be automatically controIle<l. On the cjuestion 
of maintenance, both at the h'orcl works ami at other 
works wJiere other systems were in use the maintenance 
of the pulverizers is not a big matter. In .Mexi<’0 with 
similar pulverizers for pnlvt*rizing rock, 1 find that the 
maintenance (|uesiioii is n<d a big mutt(‘r if the plant 
is correctly installed, 1 saw another syshnn working at 
Chrome, New Jersey, wlierc‘ {ine could hrirdly set* the 
pulverizer for dust. 'Phe plant, which was <phte small, 
had been running :{ years like that ami thev had nevtjr 
attempted to dean the pnlv<»rizer. Handling 2tlti :i<M» 
lb. of Pennsylvania hituminons coal per hour, a set of 
paddles lasts liere for J tiOO 1 7tM) tons, or aViont 1 KM) 
working days. 

{Communicatiu!) : From the paper one would cousitlcr 
tJiat the devclopmeut in lln^ UuitcHi States is practically 
entirely conllncsl to the souunvhat eomplex Lopulci> 
system. The selFomtained unit sysUnns, however, are.* 
being developed in the Slate*s ami (4s<nvhere just as 
rapidly. Unit systems are extrmnely .simple* in cejinpnri- 
son, and must dfect a very matejrial .saving in capital 
outlay—both in plant ami buildiiig.s. A preipe*rly 
elesigned unit pulverizer will not eniJy pnlv<?rize* the* find 
but will also introeluce continuously and uniformly the 
desired nilxlnre of air and powdered fm*! inlo the fur¬ 
nace. 'I'lie impression which I heriiusl in the Slaiel«; 
was tliat for plants under, say, lOOhOkW no e^uic at 
all could be made.* out for ilui hopulco systeun. The 
following data aret for two typical case*H wht.*n! the 
** Aero unit systenn is nse*d. 

hunsas Ciiy Southern Railway,^ -This pl.uit; e'.oniprisf*s 
a battery of Henno boiIer.s, each ratesl at :iri0 It.p. ()m* 
boiler was at first fitUsl ami, aft(*r expeunetmu* e>f opera! ieni, 
four other sets hav^ee been put. in. 

JhTTSHUKc; PowicK Plant with PtUA*i«;KiziJi 


SKUTKMHRk fj, 

Test run (8 a.in. to 4 p.m.) ., g hours 

Total ct^al burned ,, .. ,. . ^ Iff 44*1 

lotal water evaporatisl (actual wesght) . If>i0:i2ib, 
Average boiler pressunj. H4dl lln 

(gatigij 

Average steam temperature* .. .. g.K)” 1*\ 


{NoTii.»~ Superhciaterr was blanketl cuf 
during lest, and while thi.s titmpera- 
lure shows slight superht*at it was dis¬ 
regarded in this test-^only dry Intai 
as.su med.) 

Average feed-water temperature I**, 

Average room temperature .. .. ]/ 

Average amperes at pulve*rizer motor .. 

(NoTE.—Motor Is a OO-h.p. m * motor, and 
at the above load is only 57 % loaded.) 

Average voltage of circuit .. .. 220 


Analysis of coal burned (on l)asi.s of coal as 


fired) 

Moisture.. 

1-28 % 

Volatile .. 

31*36% 

h'ixed carbon .. . . 

44*04 •«„ 

Ash ., .. ^ . 

22*82 Vi, 

Sulphur [in volatile percenlagcj 

5*27 % 

B.Th.H. 

10 9.73 

Inictor of evaporation 

1*087 

Lb. water from and at 212 f . .. 

171 672 

Average rating of boiler .. 

177-.7 

Combined elficiency 

78*4 V„ 

Lb. water per lb. of coal (from ami at 


212 ' K.). 

8*8 lit. 

Average h,p. (elec.) of pulverizer motor ,. 

38 

(On basks of 2t) lb. steam per horse¬ 


power and allowing 5 •*;, line loss, 
U5 gem*rator ellicieucy and 1)5 

mi*chauical efiicienev.) 


Her cent steam usetl as genentletl by boiler 


at 177-n rating 

4-1 % 

Average CtJo.. 

I4*r,v', 

(No oxygen iir C<) readings were oblaiu- 
able on this lest.) 


Average fall of draught through boiler . 

0-1.7 in. 


wnt<T 


/7/c UVicr/oi/f .S7#’<7 i‘or/*nr((tiiHi , “The units here an* 
tittcil to (7iiim*lly boilers. The tests were not special 
in any w;iy, ami the comparition with the stokiU'direil 
adjoining lu>jU*rs agree*; closely with the coinparuions 
iiiiule with Pahuanior.k and ]\iihvaukee by ihe author. 

Mr. H, L, Pcurce r Tliis subject has always luul a 
fascination fur mi*, When I visitetl the States in 1020. 
tilings were just begiiming to inovi*; at any rate 1 
hud an opportunity of ia*eing tin* original jilani put in 
at < )iieida-,s(reel by Mr. Ander.snji. Milwaukee -Lake¬ 
side had not r.tarted up ai that time; it started up a 
couple of months Inter. I alsti liad couversatiouH with 
the child engiiieeir. of the various stations which have 
been referred to this evening, Wliat seems to me most 
remarkable is the complete change of opinion which 
apparently lias come about in the States in ihe matter 
of pulverized fuel. In H)20 there was hardly an engineer 
fit her than Mr. Anderson wito had a good word to say 
for it. To-day the facts speak for themselves. Wliat- 
ever we may think about the question, several prinninent 
engineers in the States are lainvinci^d that there is 
snliicient In it to warrant th<*ni putting down plants. 
When J came hack from America, one. of the first Hungs 
I did was to obtain estimates for the applicalion of 
what are known as the '• cmitral " system and the 
** unit system to existing plants in Manchester, f 
was prepared to atlmit, h>r the purpose of riTlcMlatioii, 
that a possible saving i)f 0 per cent in eirnieiicy was 
obtainable. Ihil even on that basis, and on the capital 
e.stinuites submitted, 1 could make out no case wliatever 
for the application of pulverized fuel to existing plants. 
Of course at that date the lumtral system, at any rate, 
was extremely conqilicaterl ; it involved the installafion 
of a great deal of plant winch is now elim!naK?d,and thi* 
capital cost was necessarily high. I mi prepared to 
admit that there has beem a material improvement in 
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designs," but I still think that it is very difficult to make 
out a case for applying a pulverized-fuel installation 
to existing boiler plant; I am inclined to think that in 
the majority of cases the capital costs will still outweigh 
the savings. Therefcxe I feel that it is essential that 


conditions. I am inclined to agree with the author that 
the utmost gain we can expect to get from the adoption 
of pulverized fuel, as compared with the present mechan¬ 
ical appliances, is 6 per cent. I think that is an abso¬ 
lutely outside figure. I see that the Milwaukee results 


Tests on Powdered Coal and Stoker-fired Connelly Boiler at the Creek Plant of 

Whittaker-Glessner Co. 

Date of test . • ., ,. .. ., ,. ,, ,, 22nd Aug. 

Fuel-burning equipment 


Heat balance: 

Loss due to moisture in coal 
Loss due to* burning of hydrogen . 
Loss due to moisture in air 
Loss due to heat in dry flue gases 
Loss due to carbon in ash .. 

Loss due to radiation (assumed) 
Total loss in heat 
Efficiency of boiler and stoker 


Aero Pulverizer 

0 * 22 % 
4-13% 
0-26% 
9^30% 
0 - 00 % 
6 * 00 % 
18-90 % 
81-10% 


Stoker fired 

23rd Aug. 
Underfed Stoker 


0-24% 
4-40% 
0-28% 
13-20% 
4-22% 
6 - 00 % 
27-34 % 
72-66 % 


The heat balance was calculated on the basis of coal analysis as submitted by the Pittsburg Testing 
Laboratory, viz.:— 


Ultimate analysis 
of coal by weight ] 


"Hydrogen 
Carbon .. 
Nitrogen 
Oxygen 
Sulphur 
Ash 

B.Th.U. per lb. dry coal 
Analysis of ashes : 

Carbon in ashes 

Ash. 


B.Th.U. per lb. dry ashes 


4-74% 

68-08% 

1*33% 

7-07% 

4-87% 

13-91% 

12 647 


' rt 

The average of the principal results obtained dmring the test is as follows;— 


Total water evaporated, lb. for 24 hours 

Total coal used, lb. for 24 hours. 

Equivalent evaporation from and at 212® F. per lb. coal, lb. 
Boiler efficiency corresponding to above .. 

Average rating developed during test period of 24 hours 
Flue gas analysis, by volume: CO 2 

Og .. .. 

N 2 

Temperature of feed water . ^ . 

Temperature of flue gas leaving boiler 

Room temperature. 

Average steam pressure (gauge) 

Average superheat. 

Moisture in coal 


1 108 766 
105 352 


4-72% 
67*84 % 
1-26% 
7-19% 
4-84% 
14-16% 

12 623 

29*83 % 
68 •'*22 % 

4 699 


1 205 000 
126 667 


11-2 

10-2 

86-1 % 

78-3% 

172 % 

186 % 

14-4 % 

13-7 % 

4-0 % 

4-4% 

81-6% 

81-9% 

208* F. 

212* F. 

470* F. 

649* F, 

77* F. 

86® F. 

190 lb. 

1901b. 

27 deg. F. 

20 deg. F. 

2-08% 

2-26% 


- --—^ J.O a. UJ.JLLCJICJULUC JlU txie 

as evaporation and as given in the heat balance. 
Efficiency^ from water measure 

Efficiency in. heat balance. 

Efficiency diflerence .. 

the question of pulverized fuel versus mechanical stokers 
should be tried out if possible on a new job. Without 
attempting to throw any discredit or doubt upon the 
figures which have been sent over to this country from 
America, I should like to see the question settled in a 
British boiler house with boilers working under identical 


These figures are :— 

86 
81 
6 


1 % 

1 % 

0% 


from water credited 

78-30% 

72-66% 

6-74% 


are given as 86-86 per cent. These, I take it, are not 
the efficiencies for the individual units but the efficiencies 
for the boiler house as a whole, I think I read in the 
last publication of the Prime Movers Committee of the 
National Electric Light Association, U.S.A., that Mr. 
Anderson claimed that during the last 12 months he 



























had been able to improve the Milwaukee figure iVuiu 
85 per cent to 88 per cent. I am not quite cU^ar to 
what he refers. If it meau.s a general boiler-house 
efficiency of 88 per cent it is truly an astonishing ligurl^, 
If, on the cJthcr hand, it refers to iinlividuul boiler 
units, wc might exf^ect tlint tlu^ general boiler-htnisu 
efficiency would be a.s high a.s S5 or 85 per ceiU. I want 
to compai*e that with tlie results which we are gelling 
at J3arton to-day. Wc liave had given to us in Iht^ papi*r 
the figure from Dalniaruock, which is taken as a typical 
niodern station. It i.s 70*5 per cent, with a *11 per cent 
load factor. I should say, lirst, that the guaranleo we 
have got from the boiler iiianufucturers for imlividuid 
units at Barton is 85 per cent on full load. Whether 
we shall get that figure or not 1 am not at present in \ 
a position to say. What 1 can say is this, that the j 
average boiler-hou.se etliciencies, wt‘ek in, week out, 1 
vary from 81 to 82 per cenl, Phut means there is | 
an improvement of at least 5 per emit over Idasgow. ! 
1 understood the author to say that the ligure for C’onntiis I 
Creek was 75 per cent, aiul that there was an Aineiicau I 
station which showed HI p(*r tsud ; p<nlmps it was ! 
Delaware. The point 1 want to make is that the Barton j 
results of 81-82 per cunt (aiul we hav»! hail a AVei^k with | 
82* 6 per cent, andl think thatevmi that tigmv iseapuhle J 
of improvement) appansitly Hi‘t up a new standard, at 


which i iiuule tii the Iniiler iinikius at one of our stations 
in Manchestm', 1 put forward this ctrcidating water 
screeji arrangement, and asked for tluar opinion. Phey 
\vt*ri? tleciileilly i»ppi).seil hi it, and went so far us to 
suggest that Ihev did not thiul? a htiiler iusuranee 
company uouM insure l»osler with that attachment. 
W hen it was pointed out to tluaii that the tlt‘si|‘n w*ut 
identical with tuu.^ ut those in taiccessful operation in 
tile St .lie?;, as slunvii on the ?;i:recu tt* iiiglit, it inadt^ 
no tlilitu'eia t* to their vicu. fhit* subject is of far too 
great iiitptu tanct* to power si.it ion eiiguieeis to admit of 
aiiv uidatr or too cntieal aUiliitle. Savings in power 
station rusts art* mainly tti lie inadt* m I lie l^^odm house. 

I think evt ivhody vmH ag.rie with that, rfierefonr we 
have gtit to keep an open miiul on thin iiuesfitm, and I 
appeal to the ht*ik r *oid fihtla i maimfat tureis. aiul to 
all iult-*re!»ted, to approat li tlMr.e queainit?; in a ju'tquT 
and prttgresiive spirit. H a tast» can In* made luu hir 
puivtaii'ed liiel in tins tMuutrv, whii hevei metlioti is 
atloptetl* either the rent raj or the unit systeng I 
liopt* that no laofile inhaest wiU he aUow«*d to staiifi in 
the wav it; ailopintn. f have seen some Viuy had 
exainpU'S ot what can lake plate tliriuir,h slagging 
I’esultiug fitim iiicotitnl tledgit of ash i hamheis , and 
I emphasi^a* this, that thei-omhustiofM'ud ot ttie piohlein 
is the fii-noiis one that want^ tacldimr.. 


any rate for British boiler-house prmaicts These results Mr* W* Kctien i tin pages 402 and 403 if is staled 
have been obtained with coal of a (•alorifie valm^ of ■ that. imdrT uio.f, moilent isinditsou^ pulvevi/ed fuel iu 
11 000 B.Ih.U/s ami a 45 p(*r cent load factor. In ' 'vorkuig at SO per cent ^gfn ienev *mu 1 luia haiiical stoking 
passing, 1 should like to ruler to the Vitty (Baris) tignres, \ al M|| pet i eiti eMienstcv , and that the ic''*ullatil saving 
They seem to he rcnuirlcahle, flow much of it is due ♦*! ti| per i eut m th*'* isial hdl is du** to piii\»u'J/ed hud. 
to pulveiiised fuel I cannot, say. 1 lie hoiler.s ure easily ■ I his niavoi nmy md hi* rfuieei, hut the figuie''* Ipviat for 
the largest in hurupu, jntlg<*fl from the evaporation hakedfle an*l fkilinanit^ck nio-a ceriainlv nf»l tip* 
point of view. On the other haiul, the heating surface htild the stat»aiieiil. Aetoifliug to the fable given on 
of the Vitry boilers including ec.tmfmii)?erH is at<itn«H page 4tt3 the nitixiimmi eitii iein v of I.akeside is al uhoiil 
1 400 sq. ft. less than that of the Harlon boilers. *riieir I7tf per ceiif rating. At lull load the average eltu ieney 
evaporation is 140 580 Ih. with 12 OtMf B.Th.lh coal, against is 88‘a per cent, and it, diops to about 8t| iier cent, at 
t e Barton figure of 100 000 Ih, with 10 000 H/rii.n, eiial. tin* long inerload rating, rhe tudv etu lesjmiidiitg ligiires 
^irven making the correction for the higher calorilic. value, for 1 kdtn.itlundi are ttaoe given on page 4 ttl, and of 
le greater output of tlie Vitry boilers compared with : these only (lie hakmred-draitgid test isatairlmiveryufi- 
Barton will bo .seen. This problem of pulverim! fuel i Hidisfa4'liirvi'Mmp,iriMm, 1 savfair** heraiisiHialanci.'it 
IS divisible into two parts, tJiu ipiustion of preparation i tlraiighl is astaiidard imditml of opc-raliiiii, and *‘uiisatiu- 
macliincry and the ciuasiiou of comlnisUon. f am = facioiv** IwaiiMSt :bliour hoilertesieafinothi; areliidile 
in mod to agree with the author that we ia?ed iint ^ one for eUnJeut v« However, as the author has hdl me 
trouble ourselves very much ahoui the preparation of j nonther tdioire. I must lake ibtudlie.ieiirv for nns hatikal 
tno I think that problem is solved; hut in i .Htoking as H3‘.» per ceiib ‘I'Iuh shows th »5 Lake^ade 

regard to the question of comhustimi. suceess cun only ; plant to he from 2*5 to 5 per cent more efm ietd. i\uxn the 
rife^ ^med by correct design of the furnace. In that j Ikitinarnock plant, which approximately corre^ipomls 
interested to hear wluit tlte author • to the author’s comparative slidetm.nit of ehicicucy 
tv necessity for adopting the • lignreH which I have Just ineidioned. 1 should like* 

hr\i7r7 screen and the hollow Huk-vvalls and fwwever, to draw aitenliun to the furl that, this iliher- 

oottoms ot the furnace.s. In connection with a proimsal , ettf e tu elhcieticv has nothing at all tfi do with pidverixeil 



{.ntiMiiar 

.. ^ ’ . 1 

1 MlUMOlW'k 

H*.v lit f.tvitftr i4 

(1) Combustible in ash 

(2) Per cent of CO 2 ., ,, 

(3) Extra power retpiired 

(4) Coal required for drying * 

lit ^ _ 

»» • • • • • • 

• • . *• ■ • ,, 

• • ♦ • » • • I 

»% 

14-8% 

100 

1 % 

Ni'Kligiiilo 

i t-n % 

fl-66% 

i* o-os% 

0-B % 

~ 1 r 


The coal roqitired for Urying mfgitt fairly Jw «» tlili drylitg i% dmir by lliir Kaiira lu Ihf oi»r» rro»Rt 
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fuel; in fact, on examining the test figures on pages 401 
and 404 (Test No. 2) it will be seen that if Lalceside had 
been fitted with the Dalmamock stokers and burning 
Dalmarnock coal a Mgher efficiency would have been 
obtained than was actually done with the pulverized 
fuel used. Let us first take the factors directly affected 
by the method of stoking, which are as stated in the 
table on page 443. These figures show that the method 
of stoking at Dalmamock is more efficient than that 
at Lakeside. The reason that the overall boiler-plant 
efficiency shows Lakeside to be a better plant than Dal¬ 
mamock is clearly seen from the following factors, which 
are not affefijted by the method of stoking:— 


does not seem much object in reducing the excess air 
to 22 per cent at the expense of brickwork troubles, 
etc., when it might as well have been 60 per cent if 
the leaks were stopped, without reducing the efficiency 
of the plant. I come now to the author^s conclusions 
on page 416. 

Efficiency. —I hope that his opinions here are based 
on something better than the figures which he has sub¬ 
mitted ; otherwise the case for pulverizing falls rather 
flat on the pounds of ef&ciency. Personally I feel that 
there is some extra efficiency to be gained by pulverizing, 
but the facts presented by the author do not prove it, 
although he claims per cent on this account. In 



Lakeside 

Dalmarnock 

Efficiency in favour of Lakeside 

(1) Chimney gas CO 2 . 

11-9%* 

14-5% 

(Included in temperature 




correction) 

(2) Chimney gas temperature 

196° F. 

414° F. 

+ 4 % 


* The drop in the amount of CO 2 at Lakesidefrom 14*0 to 11*9 percent indicates a leakage of air into the boiler of approximately 0*30 per cent of the 
air required for combuscinii, a state of affairs wliich should be explained especially in view of the stress laid on the importance of keeping down the excess air lo 
a minunum. 


This temperature difference is partly accounted for 
by the air leakage and completely when the following 
comparative facts are noted for the same B.Th.U.’s 
transferred:— 



Lakeside 

Dalmarnock 

Feed watjer temp. 

CD 

0 

158° F. 

Boiler heating-surface .. 

165 sq. ft. 

100 sq. ft. 

Economizer surface 

125 sq. ft. 

100 sq. ft. 


Summarized, the facts are :— 

Per cent 

Comparative loss at Lakeside due to pulverized- 
fuel firing .. .. .. . . .. .. 1-3 

Comparative loss at Dalmamock due to remainder 
of plant .. .. ,. .. .. .. 4 

Net gain of Lakeside over Dalmarnock.. 2*7 

Tliis ve^ closely approximates to the difference in 
efi^ciencies (87 • 1 %“'83 • 56 %) when allowance is made 
for the extra power req^ed by Lakeside. 

Is there any need to explain further the reason why 
Lakeside is more efficient than Dalmarnock ? The 
Lakeside, boiler is obviously more expensive than the 
Dalmamock boiler, and this brings me to the point 
that it ijT not thermal efficiency that matters, for that ^ 
can usually be improved by buying more expensive 
plant; but the point is, what efficiency does it pay to 
buy ? I have no doubt it paid Lakeside, on their 
60 per cent load factor, to buy 87 per cent, nor do I 
doubt that on their 34 per cent load factor Dalmarnock 
were justified in buying 83*6 per cent. One small point 
.which I noticed in going through these figures, is that 
the air leakage at Lakeside, between the furnace and 
the chimney, amounts to about 30 per cent. There 


view of this miscalculation I do not see how we can 
possibly accept the statement that under ordinary 
conditions the saving would be 9 to 10 per cent and in 
most existing stations 15 to 20 per cent, and I think 
that we must agree that in this respect the author's 
case is not proven. 

Unburnt fuel in the ash. —Again the DsLlmarnock and 
Lakeside figures are contrary to the claims made, but 
it is possible that with a fusible ash the pulverized fuel 
Hiight prove to cause the lesser loss. 

Stand-by and banking losses. —This is a 2 to 6 per cent 
gain for pulverizing, but why ? I cannot see any par¬ 
ticular reason one way or the other, when all the dampers 
are closed. Can the author give us any comparative 
figures on this point ? No doubt heat can be lost by 
careless banking, but we are comparing good practice 
in each case. 

Ease of scientific control. —^^Chis apparently implies 
central control by a highly-skilled person who has long¬ 
distance CO 2 and temperature indicators besides him; 
and although a great deal more could be done in tliis 
direction with mechanical stokers than is done at 
present, it is possible that pulverized fuel lends itself 
more readily to this than do mechanical stokers. 

Labour costs. —I do not understand how it can be that 
under similar conditions there is less labour involved in 
pulverized-fuel plant than in stoker plant. Water, coal 
(apart from pulverizing), ash and fan services require 
the same attendance in each case, and surely a chain- 
grate stoker cannot require more attendance than a 
pulverizing mill, and drier. Again it seems to be a case 
of capital expenditure versus labour. 

Auxiliary power consumption. —^Here again the feed 
water, coal- and ash-conveying and fan services are 
common to both systems and the power for pulverizing 
must be in excess of that required to drive stokers. 
Naturally, if the amount of power required is expressed 
as a percentage of the total boiler output, it is a very 
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small amount; but my point is tluit pulveriztHl- 
fuel plant reipiires more power lliaii tlie stoker plant. 

Mainienance costs, .I note aiul a^ri'c that it is usually 

very cUnicult to ^ct sudi inlbruiatiim lor ta»mparison, 
but in this respect I have in my tlossession complete 
detailed costs for each piece of apparatus in a statiim, 
including—giMieral ; brickwork i stoker ; stHit blowt*r ; 
pipiuj^ and valves; lorc.ed-ilraujtht tan ainl ducts, etc, ; 
economizer; iudiu*ed-<lrauij;ht fans; coal bunkers; 
ash hoppers, etc., for tin? year 11122. of a similar larke 
station in America usiiij;» meclianical ^aoUiut; ; and whilst 
Ifeel that I am not at liberty to publish this niforniat mu 
without referriim to the luauaKcr comeiiictl, I ha\e im 
doubt that permission coulil he obtained if the author 
woukl proiluco similar iletailt*d c osts for a puhcuiz^nl 
fuel plant, such as Lakeside, which he reters to on 
page lUlO as being “ run on thoroughly modcun and 
scicntilic Hues both of control and costing." 

Ask troubles, noUr that, according to the tests 
mentioned, Lakeside* appanmtly disc harges from Jlh b» 
50 per cent of the total ash, ami at Ikdinaniock alnmt 
50 to 45 per cent of esiimaltnl aslusecuus to he unaccounted 
for* 

Capit'd wAs\~ dlere again I think that the autluir is 
very optimistic as regards pulveri/c*d find, but I tfiiiik 
lie need not have* been so vagm* in the matter, tor the 
bill for material, ditferent in eac:h case*, could easily havet 
been slated, from which it could have beeti .streii how 
lie arrived at; his statements. 

Mr. E. H. Hutchinson 2 The title of this paper 
rather mi.sloading ; it should rather be* a desc riptmu of 
the Lopulca sytitem, and it wonld have* been interest* 
ing to hear something about otln.tr wtdl known sy.slc^ins 
of pulveriztrd coal, such as that of the Powdered hue! 
Co., Ltd., the IJoIbeck luigineenng Co., Alessrs, AHntl 
Herbert, Ltd,, Messrs, hraser tSr ( haliners. Ltd., and 
the Society Anonyine pour I'l 'tilisalion lies ( ondnistibles 
of Par.s, with whom an? ussociateil Simond'arveH Ltd, 
of Manche.ster. The pilnnts iiistailed by the last named 
company have a capacity of li ntillion tons of c«;d 
per annum. It is rather surprising that the author 
should lay m much stress upon American iignres when 
this French Company aln?ady have over ItJh jndverized^ 
fuel plants at work in !*Yani:e, of which llh are applied 
to boilers. 1 might mention the plant iieaailed bv thmi 
at the Citroen motor-car works in Paris. *rhese works 
were fitted up with jndverized-fmd apparatus In* this 
h'rench Company, and during the war lliey were pulver- 
izing lignite and peat, with which mixture they were 
tiring the whole of their boilers and reheating fnrii«i.i;eH 
dealing with hillets up to 5 in. sipianc Aurdher example 
is that of the Mines do Hruav in the North of I'Vaiiee, 
where they have installed a ramtral power .station from 
which electric current is .supplied to outlying dislriets 
extending as far as (Calais, which is some so niilcHdistant, 
ffere there are two boiler houses, rarh having a battery 
of 15 boilers. Considerable iron tile w’as experienced with 
the refuse coal that had to bt? burned and the Hr nay 
C ompany experiimmtts:! with every kind of mechuritcal 
stoker and chain grate and aLsri designefl stoker.H of their 
own, but in no case were the rcsuU.H satisfactory. L'lli* 
nuitely it was decided to experiment with pulveriml 
fuel on one boiler only, by means of a tinit machine. 


! The results obtained from this one boiler were .su salis- 
i factory that one battery of 111 boilers was eipiipped with 
! a ctmiral pulverizing plant. At this colliery there aie 
j two boiler liuiisi s one e(pn]iped wiili mechanical grates 
; and stukeis ami the other wili\ the Simuii-Car\t‘s 
■ Hvsteiii ut pulverized i’Tiet tiniig aiuI for the same 
; tpiaulilv and tpialily of loal burned the boiler house 
: tilted with pnlveri/ed luel ponluces ,‘10 per cent more 
; e\apuration, the icud Imnil containing 2a per cent «d‘ 
adi. d'he lehidts friun this b‘»ili*r house haxa* bet?ii 
5 M* ehif ient thal the Hiiiav i ompaity have recently 
pl;u eil an order with this hrench Luiu|iaiiy to e»|uip H 
new large wat**rdube boders at the saiai? ij^illiery, with 
another i eiitral pulverizing jdaiil. Another installatiim 
jiisi catru'd out by this hrench t*oiupany is a central 
tnilveri. iiii,* plant lor the Pie des Mim*s d'An/in, having, a 
! capiu iiy ot 42 tons per lioiu, and I think it will be agreed 
1 thal Hits IS by no means a hiiiall plant, I might mention 
‘ also a cenlial pulverizing plant installed at the <‘ie ilti 
> Niird Uneta h4ectri<jne p entrale <PAbbe.vilU‘), deiding 
I with 12 tons ot 1 oal per liour. Whv is it that we do ntil 
I st*e a ?iingh‘ Lopulco plaid at work either in lliis country 
i 01 in hramt*; 1 flank that Mr. Hell stiilisl Iasi week 
' (hal Avith the e."xiensioii of the pnlverizeil fuel plant 
recently insbdled a saving of about Ko tMIU had beitu 
eUecletl at IlaniiiHUMuttli utt«T working the boilers 
h months. 1 hat is a sbdement. of fad and should 
i bt* coiisidererl vei v carefully b«‘cause, all hough the 

• ant hoi talks ot etlicieiu ies, he has givi'it no figures as 
; bi the aclnal saving.s diet.led m tin* plants iiientiotMsI 

• bv him. AmUher point thal reipiires t ateful cun 
nderation is the water m reeii used with the Lopulco 
system to prevent the ash slagging. With tlie earlier 
pulverizefLfiid plant i 1 onsirlerable trouble wstH experi* 
euced tiwiiig t*» the fii.sed ash having a delerhirating 
cited on tlu* brickwork of the coinlmstion thainlmr. 

I The patent comlmslton chaitiber and ash pit uMeti with 
the Hmioit i arves .system 4d pulveri/ed fuel has obviated 
all ddticnlties. With thiH Hystem about 4tf per cent of 
; the ash is fiH4‘d, Hows down the saJes of the combiedion 
I cbaitiber and is cooled whilst falling into the ash pit* 

! and does not adhere to the brh kwork of the coinbufdiori 
, chamber in anv way. Tin* ash pit only nsjinreH cleaving 
I about once in tl hours, and the slag taken mil occupies 
' alrtMit onedeiifh the volume m eomparetl with the 
^ clinker taken from chain-grate stokers ; 4»r, in iither 
wonls, for eveiy lo trams of clitdeer from (4taindrf*dc 
; stokers we get nhnai I tram front pulveii/ed fuel, dTte 
i brickwork of thecoiidiustion diaiubei is a very important. 

• point, and the almve hrench <>jmt>anv have exfieriineiitfsl 
for some yssirs in ord<‘r lo^ fiinl a brick that would resist 

: the fhixttig aedioii of the slag, ami they now use 
’ such a brick which has a melting point in tlie neightiour* 

, lioofl of JHiraL to H ttnrdL I have seen combiislioii 
j f-liamliers whiidi have been in continuous use h»r IH 

• iiionthH and ate in alimiHt as gootl a condition as when 
I they were lir.st started up. If, as the author says, in 
j the Lopiilco system the ash is brought rUnvn in dust, it 
i wonld appear that the greater part of the ash in the 
I coal cannot be fieard. tn a combitslioii chambf*r fited 
( with pidverizetl fuel with a sullicimttly high ieinperature, 

‘ there is a fused ash deposil all over the combustion 
I chamber, not only on the iKiitoin but on the sides, and 
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it is difficult to understand why, if the ash is fused, the 
sides of the combustion chamber used in the Lopulco 
system should not have a deposit of fused ash on them. 

1 think that the author gives the temperature in the 
combustion chamber of the Lopulco system as about 
2 100° F. With the Simon-C!arves system the tem¬ 
perature in the combustion chamber is about 2 700°- 

2 800°F. A temperature difierence of 700 degrees F. 
must have a remarkable effect on the efficiency of 
the boiler. It has been proved by experience that 
the efficiency of the boiler itself is much higher with 
pulverized fuel, and this is showm by the fact that the 
degree of superheat is much lower and the temperature 
of the waste gases entering the economizer is about 
90-100 degrees F. lower, as compared with a boiler fired 
by mechanical stokers or grates. In my opinion, boilers 
fired with chain-grate stokers leave much to be desired 
as regards efficiency, when we consider ‘that in firing a 
boiler fitted with chain-grate stokers we have only a 
certain time in which the coal may be burned, and in 
order to bum the coal in the time available we require 
an induced-draught fan giving a suction of If in. to 
2f in. With this high- suction a large volume of air 
at a very high velocity is pulled through the fire (in 
fact, far too much air) with a consequent reduction in 
temperature and percentage of CO 2 . I think that if 
we take many of the power stations in this country we 
shall find that the percentage of CO 2 in boilers fitted 
with chain-grate stokers over a month (not 8 hours or 
24 hours) is somewhere in the neighbourhood of 7 to 8 
per cent, and not 14 to 16 per cent as is obtained con¬ 
tinuously with boilers fired with pulverized fuel. With 
the Simon-Carves system of pulverized fuel a suction 
of only If in. to I'Vin. water gauge is required, and 
it is partly due to this low suction that so very little 
dust is emitted from the chimney. To any one conver¬ 
sant with the handling of air and gas and the collection 
of dust, the dust difficulty could easily be overcome, 
and it is quite possible to install a plant with a guarantee 
that not more than 6 per cent of the dust would be 
discharged from the chimney. The bulk of the dust 
produced with the Simon-Carves pulverized-fuel plant 
never reaches the chimney, but is caught in hoppers in 
the economizers and the main flues. As to the question 
of power absorbed by central pulverizing plants, this 
is considerably lower as compared with boilers fitted 
with chain-grate stokers and balanced draught. In 
one particular case dealing with a plant of four boilers 
each evaporating 60 000 lb. of water per hour, there 
was a saving in running costs of 80 h.p. per hour. The 
author does not refer to the unit type of pulverizer. 
Although more costly in power this type has certain 
advantage over the central plant, in that the fuel does 
not require drying. In a well-designed machine, coal 
containing 10 per cent of free moisture can be pulverized, 
and this has been done in this country. In one plant 
fitted with unit machines the saving of coal per boiler, 
compared with others fitted with chain-grate stokers, 
is 26 to 30 tons per week. The author states that the 
unit machine is not capable of fine regulation. This 
machine is, however, being applied very extensively to 
metallurgical furnaces, which require a much finer 
control than a boiler plant. We have reheating 


furnaces at work with pulverized fuel with an output 
of 40 tons per hour. 

Mr. T. R. Wollaston ; I am not a believer in firing 
boilers direct with coal, which I think we must now 
agree is more or fess crude, nor yet with pulverized 
coal, which is, however, a step in the right direction; 
I hold that raw coal should be turned into the ideal 
fuel, viz. gas. The author and other speakers have 
suggested as good practice 60 per cent excess air 
and 12 per cent CO 2 when working with ordinary 
stokers; and it has been stated that with pulverized 
fuel one can work with 20 per cent excess air and 
something like 14 or. 16 per cent CO 2 . I know from long 
experience that with gas one can work with no excess 
air, and it can be done continuously with from 17f to 
18 per cent CO 2 in chimney gas. Some few years ago 
—^about 1917, I think—several papers were written 
touching upon boiler firing by recovery gas. We have 
heard to-night that all these remarkable results have 
been obtained with pulverized fuel within the last four 
or five years. Certainly the progress is wonderful, but 
there has also been considerable progress in connection 
with gas firing. I hope that I shall not appear to be 
arrogant in claiming to have proved, upon a sufficiently 
large scale, advances in producer-gas firing potentially 
as great as those accomplished with pulverized fuel. 
Five years ago one could regard the recovery gas pro¬ 
ducer as capable of working at less than 70 per cent 
thermal efficiency (cold gas) and the gas-fired boiler as 
at 82 per cent efficiency, an all-round thermal efficiency 
of under 60 per cent. To-day these figures might be 
80 per cent (co!d gas) efficiency for the "producer and 
probably 92 per cent for the gas-fired boiler, an all-round 
efficiency of at least 73 per cent for the combination. 
These combined efficiencies are below those which tlie 
author has given us, but one would ask: Do we want 
high thermal efficiencies wholly for scientific reasons or 
mainly as a means towards generating electrical energy 
at the lowest possible cost ? The general public is 
more concerned with cost. The author has mentioned 
some remarkable points in pulverized-^fuel firing as 
regards, for instance, ease, certainty, and consistency 
of handling and burning, range and condition of raw 
material, facility for remote control, cleanliness, and so 
oiT. I say with conviction that gas firing possesses these 
features in a much greater degree. I believe that there 
are three all-important conditions in the choice of site 
for a power station:—(1) Cheap central location, 
(2) Abundant cold water supply. (3) Easy access for 
fuel. As water can be piped ‘over long distances com¬ 
paratively cheaply it may be regarded as being the 
least important. I would point out that gas can be 
piped even more cheaply, particularly if the mains be 
laid simultaneously, so that with gas firing, coal delivery, 
storage and handling may be centralized miles away 
from the boiler house. The latter may be as dean, 
light and open as the turbine house, and there will 
be no smoke, grit or ash handling. I have been 
much encouraged to-night in noting the boiler house 
sections including pulverizing and storage plant as shown 
on the author^s- slides. I roughly estimate that with 
gas-fired boilers every one of these boiler houses would 
be reduced in cross-sectional area (or cubic content) 
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by at least 60 per cent, and the capital cost in even 
greater proportion, due to reduced excavation and 
foundation work. In short I think that the total capital 
cost of a gas-fired boiler house with remote gas plant 
and gas mains would not greatly •exceed that of the 
stations shown on the slides, and that the running costs, 
having in view the use of the cheapest fuels, would not 
be higher. So far I have not referred to by-product 
recovery, which may safely be regarded as showing a 
net rebate of 4s. per ton of coal. I am now engaged 
upon a careful analysis of the subject, the results of 
which I hope shortly to publish. My case is that, had 
the same skill and energy been given to producer-gas 
firing during the last 10 years as has been given to 
the utilization of pulverized fuel, the former would have 
shown results in every way more economical, hygienic 
and scientific. 

Alderman W, Walker : I agree with Mr. Pearce 
that everything on this important subject of pulverized 
fuel should be received not with hostility but with an 
earnest desire to learn what has been done and what 
are the results. I had not read the paper very far, 
however, before a feeling of opposition was aroused, 
because it was borne in upon me that the paper did not 
deal with the burning of pulverized fuel as a principle or 
as a general system, but merely with one particnlar 
method. It would have been better if the author 
had obtained information as to what other people in the 
United States have been doing and what other plants 
have been installed, rather than confine himself to one 
type only. I think that if he had put before us the 
advantages of* pulverized fuel in general, explained the 
principal systems, how and where they differed and what 
he considered to be the strong and weak points of each, 
so as to assist us to come to a decision on the matte?, 
the paper would have been more valuable. He suggests 
the. idea all through the paper that there is no other 
method than the particular one to which he has confined 
his remarks. We have to consider one point in connec¬ 
tion with this system which will be likely to cause a lot 
of trouble to power stations in this country, namely, the 
question of the disposal of the ashes from the chimney. 
Taking the higher figure on one of the slides which the 
author has shown to-night, it would mean that 60 per 
cent of the ash would go up the chimney, and, taking the 
lower figure, it would be 26 per cent. Remembering 
the situation of a large number of the power stations, 
can we consider depositing anything approaching 
26 or 30 per cent of the ash from the chimney without 
at once causing trouble with the local authorities, 
complaints from the residents of the district, and 
applications for injunctions to stop it ? That is one 
of the points which will have to be faced in connec¬ 
tion with the system. I notice that on page 386 the 
author refers to the unit system, which he says is not 
applicable to large plants. I should like to know some¬ 
thing about that. I find on making inquiry that there 
are quite a number of other plants at work and that 
those who have them are quite satisfied. I do not 
think, therefore, that the other methods ought to 
be turned down as has been done by the author on 
page 385, because information could have been obtained 
from the users and makers of. these, both in the United 


States and elsewhere, just as easily as from those 
who are putting forward the one system described. 
In addition to the single plant which he says is 
being installed in France, there are already 40 or 60 
plants of other makers installed, f hope that the author 
will give us through tfie Institution or through some 
technical paper a description and figures which will 
enable us to judge what are the advantages and dis¬ 
advantages of the various systems of burning pulverized 
fuel. 

Mr. A. Stubbs (communicated) : Facts of a divergent 
nature are placed side by side in the paper whilst the 
obvious inferences are far from being substantiated. 
The Lopulco system as described appears to be the 
outcome of a certain amount of “ dog logic.*' " Dog 
logic *' results in action being taken on the spur of the 
moment without reference to many of the surrounding 
I factors. The system provides for what looks like an 
overgrown furnace with mechanical stoker removed, 
and this development has presented diffilculties of wall 
temperatures and ash disposal. Air cooling for the 
walls and a water screen for the ashes readily provides 
the solution, but the plant has a very makeshift appear¬ 
ance. It is easy to imagine that a more general survej^^ 
would have resulted in a different arrangement, e.g. it 
might be possible to arrange the boiler surface like the 
surface of a truncated cone or the walls of a blast furnace 
and, should it be necessary to have refractory material 
to give the high-temperature radiation in order to 
support combustion, this would be suitably placed. 
The feature to be brought out is that any such outlook 
must involve the boiler manufacture and the combustion 
engineers. Co-operation between these two parties is 
not particularly evidenced by the Lopulco system. 
Boiler construction is so far from being standardized 
to-day that it does seem possible that users may be able 
in the future to buy units of surface capable of being 
arranged in any manner to suit the particular problem, 
which would of course leave the initiative largely in 
the hands of the combustion engineers. The list of 
plants installing pulverized-fuel equipment, as published 
by the Combustion Engineering Co., makes it very 
obvious.that.there must be some advantage. I have 
looked for this in the paper, but much of the tallc regarding 
efficiency is like that of the misinformed salesman, who 
will persist in putting forward electricity on the score 
of efficiency even in those instances where no case could 
be made. The really important features are lost sight 
of because of his anxiety to stress the question of 
efficiency. The facility of control is probably one of 
the most important features of a pulverized-fuel plant. 
It would be very desirable to be able to govern the 
prime-mover output by means of the fuel valve rather 
than by the steam valves. I would ask tiae author 
whether the Lopulco system provides for the fuel to 
be shut off in emergency and at the same time for 
water to be supplied to the furnace instead. The 
question of control is the more important the larger 
the plant. I understand that some months ago water 
sprays were being fitted over the underfeed stokers for 
use in emergency at Gennevilliers. • Referring to the 
author's statement of advantages up to the year 1920 
(page 389):— 



448 


BROWNLIE: PULVERIZED FUEL AND 


(1) EfSiciency figures mean very little, for we can 
obviously get anything we wish by paying for it, and 
indeed the figures for pulverized-fuel plant seem to be 
low compared with those now being mentioned in 
connection with plants in this country. I was recently 
concerned with tests on a nuiilber of 30 000-lb. boilers 
in which the efficiency was 85*3 per cent. Certain 
boiler plants with mechanical stokers and air-heaters 
on the North-East Coast are stated to be capable of 
running at 86 per cent, whilst when visiting the Genne- 
villiers station I was told Idiat the Stirfing boilers were 
operating at 88 per cent. 

(2) It is>. now the usual practice to return the 
riddling for combustion in connection with mechanical 
stokers. 

(3) The high temperature of the flame seems to be a 
disadvantage so far as the walls and the ash problem 
are concerned. I should like to ask the author whether 
it has been considered to take air from the cooling 
towers for combustion in order to keep the temperature 
down. Water injection was put forward with internal- 
combustion engines for similar reasons. 

(4) The transport question is increased with the 
pulverizing plant, but the convenience within the boiler 
house is probably greater. The Lopulco system, how- 
ever,, still provides for massive bunkers which obstruct 
the light and increase the cost. 

(6) Whilst there would seem to be considerable scope 
for pulverizing under this heading, it does, however, 
seem that different coal requires different treatment. 
Some inconvenience was experienced at Gennevilliers 
with the mechanical stokers when the Ruhr coal supplies 
were cut off and it became necessary to get coal from 
Scotland, Wales and elsewhere. 

(6) and (7) are probably notable advantages to be 
obtained by using pulverized fuel. 

(8) There appears to be. some doubt as to ease of 
sci ntific control as shown in the remarks under heading 
(6) on page 390, although it is difficult to see why this 
should be. 

Disadvantages up to 1920. 

(1) Any of the figures here quoted for the cost of 
preparation when made as a charge against the efficiency 


of the pulverized-fuel plant would be sufficient to 
condemn it upon this score. 

(3) The cooling of the furnace by inlet air as now 
put forward is obviously inefficient, as this heat should 
be derived from a Tow-temperature source'^nd not from 
the highest temperature of the system. Such practice 
limits the possibilities in connection with preheating 
the air by the chimney gases or exhaust steam, etc. 
Every temperature-rise of 100 degrees F. on the chimney 
temperature means reducing the efficiency by 4 per 
cent. 

(7) The lighting system as invented by Prof. Thornton 
for use in coal mines might be of interest to the advocates 
of pulverized fuel. This system provides for electric 
lighting from a fairly high-frequency supply (approxi¬ 
mately 160 cycles) at a reasonably low voltage, and it 
is claimed that it is quite proof against any possibility 
of causing an explosion. 

(8) It appears that any hope of being able to pulverize 
with a higher degree of moisture content in the coal 
must be discounted on account of the danger from 
spontaneous combustion. 

(9) More will be heard of the ash pjroblem when 
pulverized fuel is introduced into the large English 
cities. Recently one of the large London stations 
operating with mechanical stokers had an injunction 
issued against them by the people on the opposite side 
of the Thames, and necessary action had to be taken 
in order to prevent the ash passing through the 
chimneys. 

On page 392 there seems to be a point worthy of some 
considerable notice, namely, that the Lakeside station 
was completed and put in operation within 12 months. 
Similar progress on the civil engineering work on this 
side of the Atlantic does not appear to be usual. With 
regard to the Dalmamock figures, I should like to ask 
the author whether he is in a position to state that with 
the two types of stokers in operation at this station, 
there is 4 to 6 per cent difference in the efficiency of 
the plant. 

[The author*s reply to this discussion will be found 
on page 460.] 


North-Eastern Centre, at Newcastle, 14 January, 1924 . 


Mr, J. W. Jaqkson : The supply undertaking with 
which I am associated agree in general with the remarks 
made by the author under the heading of '' Boiler Plant 
Efficiency.*' We have been able since early in 1920 
to make investigations for ourselves with a powdered- 
fuel plant on one 20 OOO-lb.-per-hour boiler burning a 
very low-grade fuel. This fuel is so difficult to handle 
that with some t 3 rpes of chain-grate stokers it is- com¬ 
mercially impossible ; but with a pulverized-fuel plant 
the burning of the fuel is quite easy. The boiler sub¬ 
jected to this treatment gives the maximum evaporation 
of any of the 12 boilers installed in. the station, while its 
maintenance charges both in the furnace and mechani¬ 
cally are considerably lower than those of the ordinary 


chain-grate stoker. The efficiency and heat trans¬ 
ference are at least as high under commercial operation 
as it is usual to obtain, with a boiler of this type and 
size under chain-grate-stoker conditions on official tests 
where the manufacturers* representatives are required 
to secure the guaranteed efficiency. Although on many 
boiler trials efficiencies bs high as 83 and 84 per cent 
have been claimed for boiler and economizer, we are 
at the same time quite satisfied that the author is much 
too generous towards the. chain-grate stoker in Table 2, 
when he admits that 6 per cent of traveUing-grate 
stokers under service conditions may reach 81*9 per cent, 
efficiency, while in the second column he points out that 
85 per cent of boilers may be showing a working effici- 
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ency of 69*2 per cent. We, on I he oi lier hand, express 
the opinion that the errieicucy of the finest and best- 
manufactured chain-grate-stokcr phinls under service 
conditions does not excetsl per cent for btiiler ami 
economizer, tiud in the majority oilplants is as low us 
65 per cent. As already iudicatetl, we secure under 
commercial operation the high elfuuency of appiuxiin- 
ately 83 per cent, it being very easy to sei nre a COo 
reading in the boiler exit gases of 16 per ( t‘nt with just 
a trace of combustible gas, and the temperatun^ of tlic 
exit gases is on the average 50 tlegrees h\ hiwer than 
that of a chain-grate stoker when dealing with the 
same load. Any statu»n engineer arlniit I ing the presence 
of a large amount of ('Oji in the exit gases of a chain- 
grate-tii-cd boiler wonld know, or would v(try ipiickly 
know if he attempted b» continue tliis for mole than 
three or four hours at a time, that the furnace arches 
would be cpiite unable Ifi ^ arry their own weight, even 
where the arches are ventilat(*d, owing to the high 
temperature to which the brickwork was subjectetl, 
and, further, that the metal of the grate would bet^onie 
so hot that operation wouhl be uncomfortable and 
would lead to early breaktlown uml aiaite wear. 1’he 
plant with which we have been experimenting is of the 
single-unit type and deals with about 3b tons of fuel 
per 24-h()ur day. We find it jiossible to deal wilU coal 
containing as much as 5 per i:<*ni of moistm'«*. 'flie 

manufacturer.s claim 7 per cent. We can say quite 
definitely, however, that if 4 per <*eii1: of moisture is 
exceeded the output of the plant is noticeably alfected. 
We are, however, in a peculiar position in that our plant 
is close to a ciJUery. The coal is ei iished on tin? power 
station site and is normally deliveretl tpiite dry so that 
it is quite possible for us, even nmler lUlhcult conditions, 
to got all the coal into our bunkers with nti more than i 
or 2 per cent of moisture. We agree that the pulverized- 
fuel system gives gr<»it lUixibility us regarrls vwiety (tf 
coal. In our case, however, we find that with a lower 
grade of fuel therts is a tendency for the asli to bo 
deposited on the walls of the furnace and then, when a 
change with a higher-grade fuel is made, for the ash to 
bo melted oil, fall to the bottom of tlie furnace in a 
liquid state, and come down sometimes at a greater 
rate than will enable it to be conveniently dealt with 
as molten slag, thus causing choking. JCven tlien, the 
question of handling fish under these conditions iin a 
submerged conveyer is preft?rable to that of ilealing vvitli 
clinker under similar commercial conditioiiH from 
travelling-grate stokers tin the pneumatic ash-imndling 
system. Wc tumnally run our pulverizer on full biad 
and we seldom desire to nm it at anything else. During 
about 3| years' operation we have not lost oim boiler 
tube. We know, however, that it is «piile easy to run 
the pulverizer at half load ami secure good coiulitioim. 
We also find that .stand-by and banking lasses ate 
greatly reduced. It is a simple matter to shut the 
plant down and put it on load again. This cuts out the . 
expensive banidng arrangements that are so necessary ! 
on travelling-grate stokers. To get our plant f>n load, ' 
we have a torch made of asbestos mounted on the end 
of a pipe. To this pipe is connected a paraffin supply. , 
Just before starting up the plant, the torch is lighted I 
and placed in the coal stream. The plant is then I 
VOL. 62. 


started up and after abfuil 7-15 minutes, depending 
upon the grade of coal ami its state of tlryne.ss, the 
boiler is able to sut>port. ciunbiistion, and in less than 
5 miiiult?s from that tinu? tlu* furnace has attained full 
I heat. We are of tlu* opinion thaOit is possible for one 
j man pn»peiiy to supervise a very much larger steam 
, ontjnit Ircjiii a pulverizetbfuel plant tlian with travelling- 
I grate stokers, rhere are no furnace sliiles to slice and 
■ keep in unler, no gears to gieas*‘, m» back ends to <liunp 
; and, in fact, im laborious work wliatevor in the boiler 
: house. 'File ligun‘S given uiuler the heading of '' i\>\ver 
i t'tmsnmjHitm in the IVoportum of the iMiel ** appear to 
us to be abnormally higli. as our charges for*pulverizing 
and getting tin* fuel into the boiler amount to KHl, per 
Itm, We tiiiiik that it wouUl he more t'conomical to 
dry fuel before it is put inti) the furnact*. than to pass it 
inti I the furnace in a wet state and evaporate the 
iiuiisture Itierc*, It W'ould be interest ing to hear what 
boiler nsaiuifacturers have to say as to the treatment 
to which boihus are sometimes subjected when coal 
burnt under them c.<mtains a high percentage? of moisture, 
in otir experience with pulveiizi'd fuel, %vlutli extends 
over a period approaching four years, we liave been able? 
lo carry a loati approaching 15 per ct?nt higher on the 
pulv(»nzeibfuel plant boiler than on other luiilets in the 
.stathiii, while some fd tlie travelling-grate sinkers are 
only able to deal with UU per cent id tlieir mirmal ruling. 
Provideil thi* tlustTm*! plant is t<mstdet*e<i in the way 
which it sluiuhl be and all pipes are properly jiuiiied, 
the pulverizeibfmd plant ean lu* kept in every way as 
( lean as any idher plant, ami we lliink thal there are 
j no itifiii'ulticH whatever in the way of preventing tliis 
I plant from Intiiig kei»t us clean a?* any other. As regards 
I proper lemperuture conlrol, tlw? important pftini tti aim 
; at appears to us to In? that the furnace must be of very 
! large eapatity in rt?lalion to tin? size of the boiler; it 
: is tlu?n a?i f*asy to regulale the temperature and other 
: cmuUtions as aii}^ stoking arrangements ean Ih?. We 
J imder.stand that, special precautiotiH have to be taken 
! to prevent the danger of «*xphision« with pulverizisl 
j fuel. We should Hint Ui hear what the author has to 
: sav niuhtr this laswliiig. Ah may be surmised from the 
^ slateineiiif^ already made on the siiigle-unit plant, we 
have never had llu* slightest sign of an explosifui, or 
appart?ntly any danger of one. If we withdraw the 
i aslHtsto.H-paiaHin torch from the furnact? before tlic 
: fuinari? has got suffideutly warmed up, we have found 
over and ov<?r again that the fire goes out: and will not 
restart itself even when continuously supidied with 
dust fuel and air in uppantntly a corri?ct t*xplosive 
mixUue, Our diflicully llufrehire is to obtain ignition. 
The autlior states that it is not, c«inv(?nieiit to store coal 
in a pulverized state to a depth of more than 5 or 11 It. 
Tills is about half the depth to wlueh it is safe to ?dore 
ordinary rough siuan coal, whether in bunkers or iii 
heaps in the open. We should like the author to confirm 
this figure. When this phmi was first installed, wo had 
trouble duo to the <lnst atihering to the boiler tulg?». 
These boilers being of tlie luirizoiilal typo naturally 
allow the dust to accimmlate very readily. It Ih probable 
that llui vertical type id boiler would be much mare 
desirabit? from this point of vU?w. We, however, in- 
stallal u dust*bIowiiig plant and by turning on the 
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steam and blowing the dust clear we are able to keep 
the boiler in a far better condition than is the case with 
average boilers fired by other methods. The figures 
for capital costs put forward by the author are very 
much higher than those with which we have had to deal. 
On the single-unit plant we finCl that the capital costs 
were on the right side compared with stoker gears. 
The pulverizer to give a duty of 30 tons per 24 hours 
cost £1 725 at the beginning of 1920, and an electric 
motor to drive it cost £90. Costs have, of course, been 
very much reduced since then. We agree with the 
author that cast-iron economizers are the best. On 
page 394, the author deals with the question of firing 
the powdered coal to the bins. We have heard tales 
of the pipes choking up, thus allowing the fires to go 
out and, when they have been got away, of the danger 
of explosions, and the author further points out that 
the coal is now delivered to the bins by means of screw 
conveyers. We should be glad to know whether the 
author thinks that there is any truth in these reports. 
On the same page he deals with the question of hollow 
air-column furnace walls. We should be glad to have 
some details as to the manner in .which the air is caused 
to circulate and whether auxihary fans are required to 
force the air in; also what percentage of the total air 
used for combustion in the furnace is circulated in 
this manner. We should also be glad if the author 
would say in his reply if the single-unit plant at Vitry 
is being installed for each boiler, and, if so, what are the 
reasons that have led to its adoption. On page 403 
the author refers to the high efficiency of 81 per cent, 
which includes the comparatively heavy stand-by and 
banking-up losses. We are of the opinion that such a 
figure as this is quite unattainable. On the same page 
he sets out the reasons why pulverized fuel gives the 
decidedly higher efficiency. Among other things, it 
appears to us to be due to the fact tliat furnaces are 
now designed to hcCve a very large capacity, and when 
a piece of coal 1 cubic inch in size is broken down to 
pass through a 100-mesh screen and so becomes one 
million cubes of coal, it will naturally be exposed and 
so can be brought into contact with the air that is 
available for combustion much more quickly and readily 
than can possibly be the case with the travelling-grate 
stoker. The idea in the past seems to have been to 
make the furnace as small as possible and to keep the 
tubes as near to the fire grate as to allow.of barely 
working clearance. Travelling-grate stokers have pro¬ 
gressed somewhat since then, but furnaces are still very 
small. On page 406 the author refers to the unbumt 
fuel in the ash. Our own experience fully confirms 
the statement made, that the carbon contained in the 
ash can be kept to, say, 1 or 2 per cent of fuel contained 
in the aSi. In the succeeding paragraph the author 
deals with the question of riddlings from travelling- 
grate stokers. On some such stokers the percentage 
of riddlings has amounted to as much as 36 per cent of 
the total coal fired. In the last paragraph on page 406 
the author states that mechanical stokers are largely 
d pendent within fine limits on coal of good quality. 
We would add that some stokers are more dependent 
than' others. On page 414 the author refers to the 
necessity of using distilled water as far as possible to 


secure reliability of service. Plants that use distilled 
water from service condensers are kept in reasonably 
good order. We have had experience with feed-water 
evaporators for a period of many years and have found 
them of great beiiefit. On the samO page the 
author refers to the risk of the coal taking fire in the 
horizontal type of revolving drier. We have heard of 
files taking place inside the tube mill and of the mill 
bemg stopped with the idea of putting out the fixe, 
but before the fire could be got under control the entire 
mill had collapsed. This would seem to require some 
explanation. 

Dr. J. T. Dunn: I am particularly interested in 
the circumstance that the very complete installation 
at Lakeside has been designed as the result of careful 
scientific investigation into the question. Lakeside is 
not the first power station of the Milwaukee Elec^c 
Railway Co. They had before that a station in Oneida- 
street, part of which, not originally designed for pow¬ 
dered-fuel firing, was altered and adapted for it. The 
working of powdered fuel there was subjected to continual 
close observation and record, and to scientific variations 
of conditions ; and it is as the result of these careful 
experiments that the Lakeside power station has from 
its beginning proved such a complete success. Take, 
for example, the matter of grinding. It used to be 
stated in the early days of powdered-fuel firing that it 
was necessary to grind the fuel until at least 96 per cent 
of it would pass a 100-mesh sieve, and 86 per cent a 
200-mesh sieve. This was the usual grinding at Oneida- 
street; but several tests were run in which the per¬ 
centages passing a 100-mesh sieve varied from 93 to 
89, and those passing a 200-mesh sieve from 70 to 64. 
With this fuel the efficiency of the boiler and the com¬ 
pleteness of the combustion were not distinguishable 
from the results attained with the normal grinding. 
The importance of this is seen when we consider the 
power required for fine grinding. In a number.of 
experiments with the Raymond pulverizer, the ratio 
of the power required to pulverize a given quantity of 
coal, first so that the percentages passing the 100-mesh 
and the 200-mesh screen were 99 and 95, and next 96 
and 82, varied with the different sizes of machine from 
1 • 3 to 1*66; and Mr. Atkinson, of the Powdered Fuel 
PJant Co., found with another type of machine that it 
I'equired li times as much power to get the percentages 
96 and 82,“ as it did to get 94 and 75. Again, in the 
matter of drjdng it was formerly believed that it was 
necessary to dry the coal down to about 1*6 per cent 
of moisture, in order to get good results. But at Oneida- 
street, where the coal was usually dried down to 1*6 
to 3-5 per cent, a number of tests were run with the 
undried coal containing 7*7—8*2 per cent of moisture. 
In these cases the combustion was quite as complete as 
with the dried coal, and the loss of efficiency amounted 
to about 0 • 7 per cent, a quantity corresponding almost 
exactly to the amount of heat theoretically needed for 
the evaporation of the additional moisture. As far as 
the economy of evaporation goes, it would seem to be 
more economical thus to evaporate the surplus moisture 
in the furnace than to use a drier, for the efficiency of 
the rotary drier at Oneida-street was found to be not 
more than 25 per cent; but there are, a3 tke author 
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points out, other considerations, which, in some cases 
at least, make it advisable to dry the coal. The early 
driers were all of the rotary ty^o, using a coal-fired 
furnace to dry the coal, and for the most part a fan to 
draw the necessary air through the‘drier. They formed 
a weak spot in the installation, because without careful 
and constant supervision there was always the possibility 
of the coal becoming overheated and either firing or 
losing some of its volatile combustible constituents. 
Of late these driers are being superseded by gravity 
driers similar to that described by the author. These 
are heated by the flue gases themselves on their way 
to the stack, and not only prevent the danger of fire or 
loss just mentioned but also save the whole of tlie coal 
(amounting to 1 to 1*5 per cent of the coal dried—say 
2 000 tons at Lakeside during the period March 1921 
to May 1922, mentioned by tlie author) used in the 
furnace of the rotary drier. Experience has shown 
that the danger of fire or explosion is negligibly small 
if reasonable care is taken in working. Practically all 
the explosions which did occur in the earlier days were 
due either to great carelessness or to want of thought, 
or occurred in experimental work. Mr. Jackson has 
told us how diflSLcult he found it, not only to explode 
but also to ignite his mixture of powdered coal and air; 
and although it is true that the powdered coal which 
he uses has so much ash and hence so little volatile 
matter in it that it approaches tlie composition of those 
coal dusts which are allowed to lie on the roadways 
and on the walls of coal-mine workings, yet the same 
‘thing has been shown to be true with coals that are 
much more readily combustible. I agree with the 
author as to iie confusion which exists due to the lack 
of definiteness in the expression of units in records of 
numerical tests. It is greatly to be desired that tlise 
use of the so-called net or ** lower ** calorific value 
of combustibles should disappear, for it has no useful 
significance. I would go further than the author here, 
and say that we shall never have satisfaction in this 
respect until our cumbrous British units have dis¬ 
appeared and all our records are kept in metric units. 
The author refers to the radiation from the heated 
particles of ash in the furnace. This is really an 
important aid to the ready transmission of heat to 
the boiler tubes; and where blast-fuihace gas is used 
along with powdered coal, as in the large Ford instal¬ 
lation described in the paper, and as at the Park 
Gate steel-works at Rotherham on a small scale, the 
transmission of heat from the blast-furnace gases is 
found to be sensibly increased by the presence at the 
same time of the ignited powdered fuel. In regard to 
no-load losses, there is a very interesting record from the 
Oneida-street tests, in which the boiler ceased work at 
9 p.m. and work was not resumed until 7 a,m. the next 
day. The loss of pressure during that time was only 
from 175 to 156, or 20 lb. per sq. inch, althoiigh between 
9 p.m. and 11 p.m. the safety valve was released for 
15 separate minutes. A great deal has been, made of 
^e nmsance caused by the ash from powdered-fuel 
installation, and of the difficulty of dealing with it. 

At Lakeside and in olher installations this difficulty 
^ been altogether overcome; and in different ways as 
Mr, Jackson has stated, the same difficulties have been 


surmounted elsewhere. Where a large quantity of the 
ash escapes from the chimney it is in such an extremely 
minute state of division that it falls exceedingly slowly, 
and is distributed by the natural currents in the air 
over such a wide surface before^ it reaches the earth 
that it is never discovelable. The emission of tliis fine 
dust from a chimney is entirely different from the 
emission of grits (even though these may be completely 
burnt) such as are ejected from the chimney in tho 
case of mechanical-stoker firing, and the dimensions of 
wliich are enormously greater than those of the particles 
of ash from powdered fuel. 

Mr. A. R. Glemitson j If the system «>f powdered 
fuel becomes established in this country then mechanical 
stokers will not be required, and while water-tube 
boilers witli horizontal tubes may be used with this 
system it is obvious that its application is more readily 
adapted to vertical-tube boilers. As the correctness of 
figures is so important in making comparisons of effici¬ 
ency I should like to draw the author's attention to the 
following: In Table 7, Test 1 , the efficiency of boiler 
and supei*heater is stated to be 83-3 per cent and with 
the economizer 86 • 3 per cent, a difference of only 3 per 
cent, wliile tho temperature of the gases leaving tho 
boiler are 434® F. and after the economizer 168® F. This; 
drop in temperature should account for about throe 
times the above difference. In Table 8 , test 1 , item 30, 
the temperature of the gases leaving the boiler is given 
as 434® F. and entering the economizerh338® F. What is 
the reason for this big loss, as apparently the gases enter 
the economizer immediately after leaving the boiler ? 
In item 38 the temperature of the gases leaving tho 
economizer is very low and in one case only 108® 

If this is correct what effect has this low temperature 
on the economizer tubes, and does the moisture present 
any difficulty ? On page 4.00 attention is drawn to the 
enormous size of the combustion chamber required for 
powdered fuel, and it is stated that at least 1 cubic 
foot of space is required for every 3 lb. of coal burnt 
per hour. Tliis figure appears to be a very conservative 
one and provides a combustion chamber area very little 
larger than should be provided in a well-designed 
chamber with mechanical stokers. I should have 
considered that 0*8 to 1 cubic foot per pound of coal 
would have been more desirable. OH page 405 the 
author points out that a high percehtage of CO 3 can be 
obtained with powdered fuel, " which means a continual 
high temperature of combustion averaging over 
2 000 ® Fbut surely he does not consider this tempera¬ 
ture high for powdered fuel, as it .would be considered 
low for mechanical stokers and could not give the high- 
efificienty results claimed for eitlier system. The figure 
should be nearer 3 000® F. The author has made out 
a very good case for powdered fuel, and against tho 
many advantages of this system the only extra cost is 
the power required for crusliing the coal. The principle 
of admitting air through the brick walls is a good one 
as it must increase the life of the brickwork while 
at ^e same time reducing the radiation losses and 
adding considerably to efficient combustion. This 
method could not be so satisfactorily applied to mechan¬ 
ical stokers. With reference to the drying of coal, it 
would appear to. be a more reasonable method to remove 
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the moisture outside the furnace than within. In the 
latter case it is evaporated by the heat from the coal 
and goes away with the gases as superheated steam 
which is all lost heat. The system of drying the coal 
with waste gases aQds considerably to the overall 
efficiency of the plant and elifiiinates the dangers of 
some of the other methods of drying. The utilization 
of waste gases for heating the air for mechanical stokers 
has been applied, but it cannot be considered to be a 
great success with most stokers as the burning of the 
bars is excessive. The trouble with ash from the 
chimney and the large amount of dust which finds its 
way into the boiler tubes requires consideration. No 
doubt some form of collector could be satisfactorily 
arranged in the chimney, if necessary, but it is not 
likely that there will be more trouble from this than in 
the case of mechanical stokers, where a great deal of grit 
and smuts is emitted from the chimney. I do not 
readily understand the author’s preference for the 
central system over the unit system. With the latter 
the capital cost is much less and brings it into favourable 
comparison with mechanical stokers, while the dangers 


from explosions and fires would be entirely eliminated. 
While it may be contended that the danger from this 
source with the central system is not frequent, yet it 
should not exist at all if it can be readily avoided, as it 
can be in the unit system. It is a much simpler arrange¬ 
ment to deliver the powdered fuel direct to the boiler, 
as in the case of the unit system, than to pass it through 
a separator, then into a bunker and then to feed it into 
the boiler, an arrangement which is unnecessarily com¬ 
plicated. I should be glad if the author would state 
whether coke alone can be used with the Lopulco system ; 
whether the system has been adapted for boilers on 
board ship; and whether it is suitable for this purpose. 
The desirability of coming to the right decision on this 
subject is most important and it is unfortunate that we 
have not a national system to investigate these methods, 
as it is only by extensive tests with coal used in this 
country that we can expect to find the best system for 
our own particular use. 

[The author’s reply to this discussion will be found 
on page 460.] 


East Midland Sub-Centre, at Loughborough, 29 January, 1924 . 


Mr. E. G. PhUUps: I should like to know 
if means have now been provided to prevent the pul¬ 
verized coal from taking on the “ liquid ” form and 
passing through tjie feeding screw conveyers as though 
no impediment existed. In the cement indust^, where 
this class of fuel hg^ been used for 20 years, this trouble 
occurs without warning. I have kno'\yn everything to 
work satisfactorily for months, and then suddenly, 
without any apparent reason, the whole of a 60- or a 100- 
ton bunker will be emptied in a few minutes by the whole 
of the material passing through and over the screw and 
dumping itself on the ground. Has the graduated pitch 
of the conveyers shown on the screen been designed to 
overcome this trouble ? In view of the entire absence 
of any British information, I should like to know if the 
author can give amy information of the one fairly large 
pulv^izing plant in this country, i.e. Hammersmith, 
•which has now been running for a sufficient period for 
some data to be available. 

Mr. T. P. Wilmshurst: I am disappointed that the 
author refers to only one system of burning pulver¬ 
ized fuel and confines liimself to very large plants, 
whereas plants of, say, 20 000 to 40 000 kW are much 
more common in tto country. I consider that the 
comparison of thd large boiler plants at Rouge River 
and Lakeside with their boilers of 26 470 and 13 060 
sq. ft. heating surface respectively, •with the Dalmax- 
nock boilers of 6 948 sq. ft. is hardly fair ; further, the 
American coal contained 12 000 to 13 000 B.Th.U.’s as 
against Scotch coal of 9 900 B.Th.U.’s, There is also 
the difference in the combustion chambers and the use 
of preheat air to consider. I should prefer to hear 
less of "the overall efficiency of the boiler, and more of 
the total commercial cost of running per unit generated 
or sent out—such figures to include all capital charges 
and the cost of running auxiliaries. I recognize the 
excellent features of the pulverized-fuel plant, and have 


a perfectly open mind. In this connection I may s^y 
that in Derby we shall shortly put down two or three 
large boilers, each of 60 000 to 80 000 lb. evaporation, 
and any thoroughly commercial scheme •will receive the 
most careful consideration. 

Mr. G. H. Rutland : Can the autiior give any 
information as to the application of the pulverized-fuel 
S 3 ^tem to marine work ? I believe that experiments 
•v^ere made some years ago. The fuel was, I think, 
pulverized on shore and stored on the ship. This 
necessitated special bunkers and I believe -that the 
fuel absorbed moisture from the air and clogged in the 
conveying system. With regard to the 'question of 
the wear on the burners, there must be a good deal of 
grinding action and it would seem that the smaller por¬ 
tions of the burners would rapidly enlarge and so lead 
to inefficient burning of the fuel. I raise this point 
after experience with unfiltered oil in oil-fired boilers. 
Ip this case the wear due to grit in the oil rapidly thro’ws 
the burner* out of adjustment when the high-pressure 
system is used. The question of 'the ash ejected, as 
dust would appear to be worth considering. We know 
that even an impalpable powder can be used in some 
grinding processes, and surely the fine ash that is ejected 
into the air may cause trouble in O’ther works' plants 
if not in the immediate "vicinity of ■the station. Wilk 
oil-fired boilers we are sometimes -troubled with what is 
called the organ-pipe effect. A pulsation in the air 
adnntted to the furnace sets up powerful -vibrations in 
the whole of the gases in the combustion space and 
uptakes. A small change in 'the oil or in the uptake or 
in the amount of air may or may not stop the trouble. 
As the pulverized system of firing is very analogous to 
the oil-fuel system, I should like to know if any similar 
effect has been noticed -with this system. If it did 
occur the vibrations would possibly have a very serious 
effect on -the water screen which is a feature of the 
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Ix)pulco system, especially if the period of the screen 
were in tune with that of the air. The size of the 
boilers used to generate the power is spoken of with 
pride, but I would suggest that there seems to be a 
good deal di space wasted. In marine practice it is 
common to find boilers which can deliver 43 000 h.p. 
at the shafts, together with all their fuel and water 
pumps, forced-draught fans, etc., stowed in a total 
space of 100 ft. X 29 ft. x 18 ft. Site value should 
be worth considering and, in my opinion, steps should 
be taken to see what economies in space could be made 
with power station plant. 

Mr. F. Nicholls: In Ins comparison of Lakeside 
and Dalmarnock the author gives the difference in the 
average CO 2 percentage obtaining in tlie flue gases as 
16 to 17 per cent at Lakeside and 10 per cent at Dal- 
mamock, and I would suggest that the large difference 
is due not so much to using powdered fuel as to the 
much larger combustion chambers in use. Operating 
engineers in this country know that with the mechanical 
stoker when aiming for more than 13 to 14 per cent 
CO 2 there is danger of CO formation and consequent 
loss of temperature and efficiency, and I suggest that 
without pulverizing, given greater combustion space, 
the correct fusion of air and combustible would take 
place before striking the tube surfaces, as is at present 
the case. Preheating the air supply at Lakeside is an 
added factor towards its higher efficiency, and it would 
appear that boiler-makers in this country will have to 
tackle this question, as it is certain that higher tempera¬ 
tures can be used. I was particularly interested in the 
final exit ga^ temperatures obtaining at Lakeside, and 
on one test the figure of 168® F. struck me as being 
remarkably low for the corresponding water tempera¬ 
ture. I should be glad if the author would state -ttie 
size of economizers in use in America. One great 
advantage of powdered-fuel firing would appear to be 
the quick response to any alteration in conditions, also 
the ease of control of excess air admission, thus following 
on the lines of oil-fuel firing. I would suggest that the 
comparatively low efficiency figure quoted by the author 
for boiler plants in this country, viz. 69 per cent, is 
largely due to scale formation in tubes, and that the 
more extended use of distilling plants for making up 
losses will obviate this with a consequent increase* in 
efficiency. 

Mr. S. J. R, Allwood : Owing to the inability 
to obtain the desired superheat with the usual 
type, of integral superheater, there has been 
designed a radiant-heat superheater in the form of 
cast-steel headers built in the furnace wall. I should 
like to know if the author has had any experience of 
these, and, if so, what kind of trouble is experienced 
with them. I suggest that the water screen, unless 
particular attention be given to the purity of the water, 
introduces a very weak point in the boiler. I consider 
that the author has made out a very good case for the 
efficiency and flexibility of this method of firing, but 
not so convincing a one on the question of the com¬ 
parative cost. 

Mr. D. Rushworth : On page 393 the author refers 
to the question of steel versus cast-iron fuel economizers. 
In this connection Sir James Remnal at the London 


meeting said that in his opinion " the cast-iron econo¬ 
mizer has been an excellent servant, but the pressures 
that are common nowadays render it less suitable.*' 
Also, ** there are too many cases of cast-iron economizers 
being replaced by steel economizers for the author's 
assertion to be taken as^representing altogether the facts 
of the present day." Speaking as an engineer who has 
had 38 years' practical experience with the Green-type 
cast-iron fuel economizer, I agree entirely with the 
author’s statement and disagree with Sir James Kemnal's 
remarks. In the first place it would be interesting to 
know' why the important power stations run by the Cor¬ 
porations of Birmingham and Leicester should have 
decided within the past few months to install cast iron 
as a protection against tlie corrosion which has taken 
place with the steel-tube economizers of which they have 
had. experience. I could give numerous instances of 
steel tubes having failed after a few years' working. 
As the author points out, cast-iron economizers can 
now be made to withstand the highest pressures, tlianks 
to improvements in their construction, either by the 
method advocated by the author or in the n^ethod of 
manufacture. It is without doubt that cast iron has 
proved to be superior to any other material for econo¬ 
mizer construction, and economizers have been known 
to be in service after working 36 years : no steel econo¬ 
mizer could lay claim to such a record. 

Mr. J. Gauthery : The figures of running efficiency 
obtained at Lakeside are certainly very remarkable, 
and are a challenge to the mechanical stoker. It is, 
however, necessary to have, as pointed out by Mr. 
Wilmshurst, figures showing the price at which this 
efficiency has been obtained, with all costs and charges 
taken into consideration. Reliability—^by wliich is 
meant freedom from breakdown and continuity of 
running—comes first, and it is desirable that more 
and fuller particulars should be given on this point. 
The author mentions a boiler being run for 9 months 
on end with pulverized fuel at the Ford works. Is 
such a run a common feature with boilers fired by 
powdered-fuel plants, or is it a sort of feat and so not to 
be taken as an average ? Having regard to the number 
of stages through which the tael has “^o go before it is 
ready to be blown into the furnace, and the mechanisms 
and storages on the way, it would seem that in the 
nature of things there must be a greater liability of break¬ 
down at one point or another than with mechanical 
stokers. The water screens may increase the possibility 
of trouble by overheating, contraction and expansion, 
and it would be well to know if any trouble has resulted 
from them. The rupture of one of these tubes and the^ 
sudden empt 3 dng of one of these mammoth boilers might 
result in a considerable disaster. The last word has 
not yet been said with regard to the mechanical stoker. 
Test efficiencies of 86 to 87 per cent have bisen obtained 
with them, and there seems no reason why with tlie 
improvements now being made a much higher day-in 
and day-out efficiency should not be obtained. 

Professor G. H. BuUeid : I should be glad if the 
author would give'some information as to the applica¬ 
tion of the system to small stations and small boilers. 
In the aggregate these account for a very large part of 
the total amount of coal burnt per annum. With 
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regard to the fine ash blown out of the top of the chim- 
ney, whilst agreeing that it is not an in^ediate nuisance 
I should like some information as to its ultimate effect 
on vegetation, and should be interested to know if it 
chokes up rain-watef spouting. In connection with 
the trouble found in connection^with the fusing of the 


ash is it not possible to make a virtue of necessity and 
arrange that the ash should fuse completely and should 
then be run out through a slag hole ? 

[The author’s repiy to this discussion will be found 
1 on page 460.] 


South Midland Centre, at Birmingham, 30 January, 1924, 


Mr. F. Forrest: The undoubted success which has 
attended the use of pulverized fuel for the firing of steam 
boilers is really due partly to the pulverizing of the fuel 
and partly to the large combustion chamber which it 
hag been found desirable to install when using this 
class of fuel. In Table 2 the author is rather unfair 
to the mechanical stoker, in so far as he has compared 
the results obtained when using pulverized fuel in an 
ample combustion chamber, with those obtained on 
the old type . of ' mechanical stokers having cramped 
combustion chambers. It would be interesting if he 
could give results obtained with pulverized fuel used 
on a boiler fitted with smaller combustion chambers of 
the size usually put in when mechanical stokers are 
used, so as to show to what extent efficiency depends 
upon furnace design and to what extent it depends upon 
pulverizing. This question of large combustion space 
has not hitherto received the attention that it deserves, 
and I suggest that every boiler installation should be 
compared on the basis of the cubic feet of combustion- 
chamber space provided for each pound of coal fired 
to the grate per hour; in other words, we should com¬ 
pare the space provided for the complete combustion 
of a certain quantity of gas per hour in the two systems 
respectively. The following figures obtained from 
various large power stations using water-tube boilers 
fitted with mechanical stokers show how this figure 
varies in this country and abroad:— 


Average British practice 
Dunston (Yarrow boiler^ 
Gennevilliers (Paris) .. 
Philadelphia (U.S.A.) 
Calumet (U.S.A.) 


Lb. of coal burnt per 
hour per cubic foot 
of comoustion space 

3-6 to 6-2 
• 3-6 

1-93 to 3-06 
122 
1-62 


With, pulverized-fuel plants the figures are as follows; 


Lb, per cubic foot 

Lakeside (U.S.A.).0-85 to 1-39 

^ River Rouge (Ford) .. . . ^ k 

Figure recommended by Kreisinger . I • 0 to I • 5 
Maximum^ recommended by author . 3*0 


The compartment tyfe of mechanical stoker is a very 
great improvement on anything produced hitherto, and 
such a stoker' boinbined with ample combustion space 
would give a flexibility in the choice of fuel and a furnace 
efficiency, approaching that obtained with pulverized 
fuel. With such a stoker full duty has been easily 
obtainable with gasworks coke-dust burnt alone, the fuel 
having a calorific value of about 10 000 B.Th,U.’s per 
lb., with only 6 per cent of volatile matter. The author 


does not.state to what extent the size and cost of ^oiIct- 
house building would have to be increased in order to 
accommodate the pulverized-fuel plant, as compared 
with the figures for mechanical-stoker plant. It seems 
to me that a larger and more expensive buildmg would 
be necessary with the former, and this additional capital 
expenditure should.be taken into account when com¬ 
paring the total cost of steam generated in the boiler 
house with the two S 3 rstems. The liighest boiler-house 
efficiency is not, however, the only consideration. 
What is of greater importance is the lowest cost of 
steam per unit generated, including ^1 fuel costs, ope^ 
ating and maintenance costs, and capital charges. With 
ordinary unwashed slack coal at less than 16s. per ton 
delivered, it would be very difficult to make out a c^e 
for a pulverizing plant, but the burning of more expensive 
fuels in pulverized form would probably show a savmg 
over the usual method of burning it on mechanical 
stokers. Can the author mention a reaUy satisfactory 
COo indicator or recorder for use in the boiler house. 
We have tried in Birmingham almost every type made, 
and the only one that is at all satisfactory from tlie 
point of view of continued accuracy and with the 
minimum of time-lag between taking the sample and 
indicating the result, is the electrical type of indicator 
produced by the Cambridge and Paul Instrument 
Company, and even this requires further improvement 
before it can be regarded as an accurate and robust 

boiler-house instrument. . ^ 

.Mr. F. C. Platt: In Great Britain we appear to lack 
courage in the steam-raismg department, although in 
the engine room we have not hesitated to keep well 
up to the practice of less conservative countries. We 
cling, to the comparatively small boiler, and rows cff 
such boilers with their attendant ranges of steam and 
feed piping are necessary to make provision for the 
large steam demand in a modem station. We should 
strive to replace all tliese small units with large units 
capable of being kept under steam for very long periods, 
and sufficiently reliable to be kept in commission from 
one annual inspection to another , without serious break¬ 
down. The problem of firing such boilers seems to call 
for drastic action. In my opinion, to ensure the relia¬ 
bility and length of operation previously mentioned 
we must, for one thing, get rid of the ponderous mass of 
machinery which mechanical stoking involv^. Even 
our comparatively small boilers, evaporating, say, 
60 0001b. per hour, require the chain-grate stoker to 
be divided into three parts, whilst the somewhat larger 
boilers at Gennevilliers have to be fired from both sides. 
With pulverized fuel vast quantities of heat can be 
generated in the combustion chamber of the boiler, witlr 
an entire absence of machinery at the boiler itself. 
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Perry, in his book on ** The Steam Engine and Gas and 
Oil Engines (1904), states that the fixed carbon 
needs to be scrubbed with air." With the mechanical 
stoker we are accustomed to bum very fibiely divided 
coal, and the quality known as " washed fine " is very 
popular. Here is an attempt to utilize the idea outlined 
by Perry, but with pulverized fuel we can achieve in 
a practically perfect manner the scrubbing of each 
particle of fuel with air. An important aspect of 
pulverizing plant is that it can be worked at a load 
factor irrespective of the boiler load factor at any given 
time, i.e. the load factor of the pulverizer plant is 
independent, within limits, of the load factor of the 
boiler which it serves. The amount of storage capacity 
would also give a 10-16 hour period for repairs to be 
made to the pulverizing plant, whereas if the mechanical 
stoker is not in operation there is no steam. The objec¬ 
tion on the score of fine ash emitted from the chimneys 
of boilers using pulverized fuel is of little moment, as 
far worse results are obtained with chain-grate stokers 
burning fine slacks. In one plant under my charge, 
one chimney discharging gases from two 20 000-lb.- 
per-hour boilers, which work at full load only for an 
eight-hour day, has rendered necessary the cleaning 
out of all the gutters in an extensive area of roof adjacent 
to the power station, after the short interval of five 
weeks. 

Dr. W. Lulofs : The general impression which I 
have gained is that the author exaggerates the advan¬ 
tages and attributes to powdered fuel virtues which 
it cannot strictly claim. The manner in which he 
attempts to ptove the superiority of the powdered fuel 
S 5 rstem over the chain-grate stoker by comparing the 
practical results obtained in various stations is open to 
criticism, A direct comparison of the nature of the 
two systems leads more directly to the same results. 
Bearing in mind that the combustion of the coal is merely 
a chemical reaction between the oxygen of the air and 
the carbon, hydrogen, etc., of the coa]l, the conditions 
under which this chemical process takes place must be 
far less ideal in the case of the mechanical stoker. As 
the coal bums away steadily on the mechanical chain 
^ate while it is being carried through the furnace, 
leaving only the ash at the end, the thickness of ttie 
layer of coal along the grate gradually diminishos 
towards the back and the quality of tlie fuel dimin¬ 
ishes correspondingly. The effect of this is—assuming 
an equal draught over the whole stoker—^that the ratio 
of quantity of air per lb. of combustible matter varies 
considerably along the grate, causing an excess of air 
at the end of the stoker. In addition, the >stoker at 
this end has to deal with very inferior quality of coal 
containing no volatile constituent, and an increasing 
percentage of ash, theoretically up to 100 per cent. 
This results in a low percentage of CO 2 at this end of 
the stoker (on an average not more than 6 per cent) 
and a great difficulty in burning the coal completely. 
There are thus two sources of loss. First, the uneven 
distribution of air makes it impossible to run at a high 
average of CO 2 without CO ; indeed, this is the e^lana- 
tion of the fact that, as mentioned by the author, with 
the mechanical stoker hot more than 13-14 per cent 
of CO 2 can be obtained without CO, whereas with 


powdered fuel 16-17 per cent may be obtained. The 
other loss is a certain percentage of carbon left in the 
ash, also due to the cooling effect which the boiler 
has on the grate, 5 per cent of carbon on an average 
being a low figure. Owing to t3e defects inherent to 
the mechanical stoker hiuch skill is required to operate 
it efficiently, and the extra attendance necessary adds 
to the loss. In addition, there are extra stand-by and 
starting-up losses on account of the lack of adaptability 
of the chain-grate stoker to variations in the load and 
the considerable period that elapses from starting up 
to an efficient running condition. The manufacturers 
of chain-grate stokers have brought oul^ devices to 
counteract these defects. In consequence the compart¬ 
ment stoker has been evolved which allows for the 
regulation of the air, in sections, underneath the stoker. 
This enables the amount of air per lb. of fuel to be 
regulated throughout the length of the stoker. Adjust¬ 
able dumping bars or dams have been designed in order 
to bank up the fuel at the back of the stoker, thus 
causing a thicker layer and by this means decreasing 
the excess of air. A back arch has been constructed 
for increasing the temperature in order to assist the 
combustion of this poor fuel. Although improvements 
have thus been obtained, they have tended to camou- 
fiagc rather than eliminate the original defects, and 
therefore the system of powdered-fuel firing remains 
superior. On the other hand, the advantages of powdered 
fuel over chainrgrate firing are not so considerable as 
to cause existing chain-grate stokers to be completely 
superseded, especially as the changing over to powdered 
fuel would necessitate a much larger combustion chamber 
and therefore a complete re-setting of the boilers. In 
view of the enormous number of chain-grate stokers in 
daily use it may prove of value to point out how the 
adoption of powdered fuel in combination with existing 
mechanical stokers can reduce the above-mentioned 
principal defects and so bring the mechanical stoker 
more up to the standard of powdered-fuel firing. At 
the same time this combination may overcome some of 
the difficulties met with in the latter method of firing. 
The Underfeed Stoker Company have effected this 
combination by inserting a number of . small burners 
(or jets) of powdered fuel at the back of the stoker in 
such a manner that a row of small fiames from these 
burners is directed almost parallel to the mechanical 
grate but pointing slightly towards it. This results in 
three ‘distinct advantages over the mechanical stoker 
alone, viz. (A) increased efficiency, (B) increased boiler 
evaporation, and (C) increased adaptability for a 
var 3 dng load. As regards (A), (1) the row of small 
flames acts as a perfect form of back arch with aU its 
advantages and none of its disadvantages, especially, 
in respect to the upkeep and repair of brickwork. 
(2) The amount of excess air at the back of the mechan¬ 
ical stoker is utilized for completing the combustion of 
this powdered fuel by regulating the amount of air 
supplied in the mixture to the burners. (3) As the 
flames from the burners are at right angles to the flames 
from the meclmnical stoker a whirling motion is set up 
in the combustion chamber and brings the excess air 
and combustible matter into close contact with one 
another. As regards (B), increased evaporation is • 
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obtained., due not only to tlie increased amount of 
B.Th.U/s set free from the combustion of the powdered 
fuel but also to a higher temperature in the combustion 
chamber. In addition, more fuel can be burnt per 
sq. ft. of grate surface. The boiler is enabled to absorb 
thUe extra B.Th.U.'s because of'Ihis higher temperature, 
which also accounts for the fact that the temperature 
of the superheated steam is not increased by the higher 
temperature in the combustion chamber. Actual tests 
have proved that with a 20 per cent increased evaporation 
the rise in temperature of the exit gases from the econo¬ 
mizer was practically negligible. A 30 per cent increase 
of evaporation was reached but could not be continued 
because the boiler commenced to prime. As regards 
(C), by this means the evaporation can be instantaneously 
adjusted by regulating the supply of powdered fuel, 
and further, the boiler takes considerably less time to 
start up because the powdered-fuel flames, once started, 
raise the temperature of the brickwork and the combus¬ 
tion chamber very rapidly. On the other hand the 
mechanical stoker will assist the powdered-fuel firing, 
because the ignition is always certain and because the 
ash from the latter falls on to the mechanical stoker ] 
which then removes it. It will be obvious from (B) 
and (C) above that the adoption of powdered fuel has 
the further advantage that the steam production of an 
existing boiler house may be thus increased without 
any extension of boilers being necessary. In this 
connection I should like to mention a further advantage 
of powdered fuel in general which the author does not 
appear to emphasize sufficiently. The development of 
station design tends towards the use of ^ver-increasing 
sizes of boiler units, and the bigger the boiler the greater 
the difficulty of supplying adequate grate surface (which 
I regard as the heating surface of the boiler). One of 
the many things which one is taught in theory and 
discovers later to be wrong in practice is the manner 
of describing the various functions of the different parts 
of which a boiler unit is composed. In my opinion the 
boiler proper has only a cooling surface, the heating 
surface of the boiler being the grate surface and, there- 
. fore, for a certain boiler the heating surface must be 
such that it can produce that number of heat units 
which that particular boiler is capable of absorbing. 
Since the number of heat units which a square foot of 
grate surface can liberate is limited, there must be a 
fixed proportion between boiler cooling-surface and 
grate heating-surface. Where the cooling surface of 
the boiler is not, as is the grate surface, restricted to 
the floor space, it is obvious that by increasing the 
cooling surface of the boiler the difficulty of providing 
adequate heating surface increases accordingly and is 
ultimately insurmountable. Here the adoption of 
powdered fuel comes to the rescue. First, the heating 
surface is now no longer restricted to floor space and 
can therefore keep step with the increase in cooling 
surface of the boiler; and, secondly, the temperature of 
the combustion chamber can be raised through which 
the cooling surface of the boiler becomes more efficient, 
which means that for a certain duty the dimensions 
of the boiler unit can be decreased. 

Mr. W. Wilson: The system of pulverized firing 
described by the author is interesting for several reasons. 


The process seems to be very well thought-out and 
to be in every part exactly suited for its functions. 
The pulverizing of a soft material such as coal, even to 
the fineness of a 200-mesh screen, need not be an expen¬ 
sive matter if suitable apparatus is employed, as is 
instanced by the economy of the cyanide process for 
the extraction of gold from quartz. iThe roller mill 
and conical separator employed in the plant described 
in the paper remind me forcibly of the usual apparatus 
employed in the case of the gold ores; and the method 
exhibits every probability of doing the work efficientiy 
and economically. The beauty of the pulverizing 
principle is that it converts the fuel into a form that 
ran be treated as a gas and can be consumed in a 
Bunsen burner. The completeness of the combus¬ 
tion obtained by the latter device is proverbial, and 
should render it possible for. this mode of boiler firing 
to achieve maximum efficiency. It is not unnatural 
that such a method has not been developed in this 
country, since good coal is available for practically 
every power station. In some countaies, however, 
lignite and other poor forms of coal are the rule rather 
flian the exception, and under these conditions pulverized 
combustion will show to greater advantage. In this 
connection I should like to ask the author if peat 
has been so treated, as there are large and valuable 
deposits of this fuel in Scotland that should be open for 
utilization in this form. Two of the drawbacks of the 
system that have been mentioned do not appear to me 
to be serious. It is not correct to say that powdered 
coal is explosive, at any rate in the same way as gun¬ 
powder. The coal needs to be mixed witli air before 
an explosion is possible, and it is only necessary to 
prevent leakage of the powdered material in order to 
fender it safe. Ordinary wheat flour suffers from 
exactly the same drawback, and serious explosions 
have been caused in the past by carelessness in handling 
it. Finally, ash in the chimney gases should not be 
troublesome in practice, since the particles of coal are 
already reduced to a fineness of about 1/200 in., and 
after they have been burnt all but between 2 and 6 
per cent is removed in the majority of coals. Thus 
the resultant particles should not be larger than about 
1/1 000 in., a size comparable with that of the motes 
which are seen floating in every sunbeam. 

Mr. G. H. Petford : The author refers to iffie great 
difficulties in the way of comparing two entirely different 
systems of firing, i.e. pulverized fuel and mechanical 
stoking. In view of this statement it is surprising to 
find that he has rather added to the difficulty of com¬ 
parison by dealing with English test-results in English 
I units and with American test-results in American units. 
I consider that the author could have made Table 9 
much clearer if, instead of dealing with the operating 
costs of the American plant in American units, he had 
applied English rates of wages as are at present being 
paid in this country. He should have had no difficulty 
in this direction with his knowledge of the class of man 
required to carry out the various classes of work de¬ 
manded on a pulverized-fuel station. Had this been 
done, a direct comparison of labour charges on the two 
different systems of firing would have resulted, and it 
would have brought to light a point which requires 
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some little explanation, for in Table 9 the author gives 
the pulverizer-house operating charges as 18*8 cents 
per American ton (this includes all conveyer attendance, 
etc.) and on page 410 it is stated that 0*465 dollar 
per Americ 2 l!h ton corresponds to 25d. per English ton, 
on the basis of American wages, and that this would 
equal 14d. per English ton on the basis of English wages. 
18*8 cents per American ton on the American wage 
basis would then be equal to 6 * 66d. per Enghsh ton on 
the basis of English wages by the author’s own method 
of comparison. If this cost of coal-handHng is compared 
with the coal-handHng charges for Dalmamock referred 
to in Table 16, one sees that for Dalmamock for the 
month of March 1923, over which period a little more 
fuel was handled than referred to with regard to the 
American pulverizer-house charges—therefore forming 
a fairly rational comparison—the coal-handling plant¬ 
operating charges were 0*0052d. per unit dehvered, 
and, by calculation from the other data given in the 
table, the fuel-handling charges at Dalmamock become 
equivalent to 6*87d. per ton, so that it costs more in 
labour charges for Dalmamock to unload the fuel and 
convey it direct to the bunker than it does for the 
Americans (on the English basis) to unload the fuel, 
convey it to a coarse coal bunker, grind it, convey it to 
the powdered-fuel bunker, and from thence to the boilers. 
This would suggest that there is either something wrong 
with the s 3 rstems of handling fuel in this country, or 
that some satisfactory explanation should be provided, 
Th author’s method of comparison on the wage basis 
is not entirely satisfactory. The average wage for the 
class of man required in a pulverizer house in this country 
could, I think, be taken at the outside as 15d. per hour. 
Working on this basis, comphcations resulting from 
rates of exchange and relative wage basis are avoided, 
and taking from Table 9 that 4 667 hours (total) are 
worked in the pulverizer house on 13 670 tons (English) 
then at an average rate of 16d. per hour the pulverizer- 
house charges in this country would be equal to 6*0d. 
per ton of fuel handled. This makes the comparison 
with Dalmamock considerably worse. The author’s 
statement with regard to the high efficiencies that could 
be obtained with pulverized-fuel firing is, I think, 
universally agreed by engineers, but efficiency is only 


one of the factors necessary for economy and in many 
cases the straining after the higher efficiencies often 
results in lowering the overall economy, due to additional 
charges. Here we have less charges and higher effi¬ 
ciency, hdwever, but I fail to see how the handling 
charges of the fuel for\he many operations required in 
the pulverizing plant can be less than the charges for 
direct conveyance to bunker. Dealing with fine ash 
blown into the atmosphere, the author states on page 416 
that on the average about 17 J per cent of the ash seems 
to be discharged from the chimney top. On this basis, 
then, Dalmarnock for the month of March, 1923, with 
powdered-fuel plant installed would hasve sent out 
about 360 tons of fine dust into the atmosphere, and, 
although it may be in the state of a fine powder, I am 
afraid that the medical authorities in this country would 
not look upon it with favour. I cannot altogether 
agree with his statement that there should be no more 
difficulty in preventing the emission of this fine ash 
from the chimney than with any other method of firing, 
for I think that the very fineness 6f the particles will 
in itself increase the difficulty of trapping it. With 
regard to the statement that on the recent careful test 
in the United States it was discovered that with mechani¬ 
cal stoking no less than an equivalent of 3 per cent 
of the coal fire was discharged from the chimney top, 
it seems difficult to believe that such a thing could 
possibly be taking place in this country, for 3 per cent 
with a fuel which contained on analysis 16 per cent 
of ash would mean that 20 per cent of the ash was 
ejected to the atmosphere, in this case in the form of 
detectable grits. With regard to furnace brickwork, it 
would be interesting to know what is the relative cost 
of the brickwork in a pulverized-fuel plant as compared 
with that used in mechanical-stoking practice. The 
initial cost in the former, due to its considerable size 
and possibly special bricks, will be high, and, although 
it may last for three years without any renewals, what 
will the cost of such renewals be ? It would appear 
that in the long run the renewals will be a much more 
expensive item than is at present the case with mechani¬ 
cal stokers, 

[The author’s reply to this discussion will be found 
on page 460.] 


North Midland Centre, at Leeds, 5 February, 1924. 


Mr, M, Wadeson : Altliough the author gives the 
reasons why he has dealt only with the Lopulco system, 
I think that the value of the paper would have been 
increased if a description of other pulverized-fuel sys¬ 
tems had been included. There is no doubt that 
pulverized fuel can be most efficient; combustion is, 
after all, a chemical process, and no effort to combine 
a solid and a gas can be so efficient as when the former 
is reduced to an impalpable powder. Moreover, the 
large combustion chamber is a further factor tending 
to efficiency, but efficiencies equivalent to that obtained 
by the use of pulverized fuel can be obtained, and 
already have been obtained, by other methods, e.g. 
the gasification of the fuel before burning. The author 
states that the paper is essentially a comparison between 


a pulverized-fuel station and a mechanical-stoker 
station. He has taken Dalmamock because he was 
able to get the figures for that station, but Dalmamock^ 
has not the highest boiler-house efficiency of stations 
in the United Kingdom. Many details of ^he process 
of pulverized fuel can be applied to mechanical stoking, 
e.g. as the heating of air and the use of a large 
combustion chamber, and I think that the adoption of 
such portions of the pulverized-coal process will un¬ 
doubtedly raise the efficiency of mechanical stoking 
somewhere in the neighbourhood of the pulverized- 
fuel process. The author mentions that only 6 per cent 
of the stations in the British Isles had an efficiency of 
over 76 per*cent, but I am of the opinion that this is a 
low figure. He gives 86 per cent as the realized effidency 
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for pulverized fuel, and quotes Ugb. guaranteed figures 
•which have not yet been realized. As he points out, 
however, efficiency is not the only factor. I take it 
that the author does not suggest that the power statoons 
in the British Isles should scrap their plant, but ramer 
that pulverization should be adopted in ^e new station 
where circumstances -warrant. As to its adoption m 
new stations, it would depend entirely on whether the 
stations were of suffident size to warrant ^e use of 
pulverized fuel, and also on other questions m connec¬ 
tion with it. The author states that the actual costs 
are considerably greater in smaU stations. That must 
be obvious as is shown at the end of the paper where 
the height of the boiler house in one station is given as 
equivalent to the total height of the chimney m the 
other. The height of the chimney in the pulvenzed- 
fuel station is about 2| times the height of the chimney 
in the mechanical-stoker station. The author ^sUtes 
that the drying temperature is regulated at 215 F. 1 
should like to know how that regulation is earned out 
If the boiler is forced, the temperature of the exit flue 
gases will be higher and more air will have to be admitted 
to bring down tlie temperature to the requisite amount. 

I believe it to be a fact that fine dust accumulates m 
the boUer tubes, and it is often of advantage to use a 
dust blower at frequent intervals. The author ap^ars 
to assume ■throughout 'the paper ■that -the British engineer 
is backward and conservative against his own intereste. 
It is a charge which has been levelled many times. In 
connection -with large turbines I believe it was said 
that the British engineer was backward and conse^^ 
tive, but I strongly dissent from this view. The British 
engineer may be cautious, but I do not think that he is 

overcautious. ^ 

Mr. J. W. J. Townley : I do not think that anyone 

will disagree with the contention that pulverized-fi^l 
firing will give more efficient combustion and can be 
more easily controUed than any other system of bummg 
coal, but in considering this matter I would suggest 
that the question is not one of thermal effiden^ alone. 
Thermal efficiency is not necessarily <»mmercial effici¬ 
ency, and a 1 per cent improvement in boiler therm^ 
efficiency may not be thought worth while when ae 
cost of obtaining -this is taken into consideration.^ The 
first problem that one usually has to consider is the 
case of the existing plant and whether it is worth while 
to change over from stokers to pulverized fuel. I have 
studied this matter recently, and have considered the 
conversion to pulverized fuel of a battery of three 
35 000 Ib.-per-hour boilers. These boilers are equipped 
with chain-grate stokers and bum a rough slack costing 
'{at present) 17s. per ton. The actual efficiency upon a 
series of 10-hour tests averaged 81-6 per cent, b^d 
on the gross calorific value of the coal as fired. The 
actual -total amoimt of coal burnt per annran is 18 000 
tons, the load factor being 33 per cent. If by the 
adoption of pulverized-fuel firing we can obtain an 
increase of 4 per cent in the overall efficiency, -then 
the saving in fuel would be 900 tons, which at 17s. per 
ton is equivalent to £766 per annum. The cost of a 
7-ton-per-hour pulverized-fuel plant (indnding altera¬ 
tions to combustion chambers) based on recent quota_ 
tions would be £16 000. Annual charges (interest and 


ajnVing fund) assuming a 20-years’ life, would be £1 315, 
or a net extra cost for capital charges alone of £660. 
The power required by the auxiliaries would be shghtiy 
greater for the pulverized-fuel plant but not sufficient 
so as to have any marterial effect upon the above resets. 
Secondly, the case when stoker replacements are due 
may be considered. The cost of six stokere wmpletely 
equipped and erected would not exceed £6 600. 
charges would amount to £636. as compared mth the 
capital charges of £1 316 for the pulvenzed-fuel plant. 
The difference, £780, would more than cancel the sa^g 
in fuel of £766. It can be seen, however, that in 
case there is a very narrow margin, and that the choice 
of firing plant may be decided by such factors as varia¬ 
bility in the quality, low calorific value, and ^st 
of the fuel which is available. It would app^^r, too, 
that it is possible to maintain a higher annu^ efficiency 
with pulverized-fuel plant than with stoker plant, 
owing to the ease of control. Most users know only too 
well the very great difficulty in maintaining a high 
efficiency of stoker plant at times of light load. I do 
not agree with the author that the actual cost of current 
for auxiliaries for the pulverized-fuel plant is the same 
as that for mechanical stokers. It is generaUy agreed 
that the power required for the operation of the pm- 
verizing and drying plant amounts to from 20 to 26 fin^ 
per ton of fuel. That is equal to 0-66 per cent of the 
boiler-plant output, assuming 16 lb. of steam per 
Comparing this with a forced-draught chain-grate stoker, 

I find that the forced-draught stoker takes only 3 • 6 
per ton on normal load, equal to 0-1 per cent of the 
output, or, allowing for light loads, say 0/16 per cent. 
The other auxiliaries are common to both systenm, 
although the power required for the induced-draught 
fans may be considerably reduced owing to the smaller 
amount of flue gases in the case of fuel firing. Some of 
the comparisons in the paper are not quite fair, for 
instance, in the particulars given of the tests made up<m 
the Colfax boiler plant, no reference is made to the fa^ 
that this plant is not fitted with economizers, and the 
comparison between Lakeside and Glasgow is affected 
by the much lower load factor at Glasgow and the 
larger heating surface of the Lakeside units. Our prin¬ 
cipal source of information with regard to pulverized- 
fu/5l firing for steam boilers is the United States, but 
American engineers are not by any means of one mind 
regarding this method. In a list of 37 plants under 
construction given in Power (31 July, 1923) 29 
axe being fitted with stokers and 8 with pulverized-fuel 
plant. In the 1923 Report of the Prime Movers* Com- 
^ttee to the National Electric Light Association there 
is a statement by the Puget Sound Power Company 
that their pulverized-fuel plant costs 3j cents more 
per 1 000 lb. of steam than another station fitted with 
chain-grate stokers, although in the case of the former 
the cost per ton of the fuel used is 29*3 per cent l^s. 
They state that the thermal efficiency is higher, but 
this is offset by the high cost of preparing the fuel and 
the high maintenance charges on the plant, I do not 
suggest that this is a representative case, but it shows 
that there is another side to the question. The adoption 
of pulverized fuel by the Detroit Edison Company as 
mentiohed in the paper. In this connection I would 
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refer members to what the chief of the Research Depart¬ 
ment of the Detroit Edison Company said in a recent 
paper which was published in Power* 

Mr. C. P. Henzeli : I am not prepared to quarrel 
with the efficiencies given in the paper, but the chief 
point to a station engineer is the question of cost. 
Efficiency is to be sought for, but the important figure 
is the cost per unit. I have seen no figures that one 
could compare in the same way as the efficiency figures. 
It is stated that one advantage of pulverized fuel is 
that heavy overloads can be obtained from tlie boilers. 
That is all very well at Lakeside or some of the modem 
plants equipped with evaporators, but in the majority 
of stations I do not think that that could be done for 
long periods without causing trouble. The cost of 
pulverizing seems to vary. Some authorities give it 
as 3s. per ton, including power, maintenance, etc. 
Although chain-grate stokers have certain limitations, 
I do not think that enough attention is given to preparing 
or selecting the fuel for them. If crushers are installed 
in order to reduce large coal down to the most suitable 
size, and suitable sprayers employed for wetting the 
very fine coals, much better efficiencies would be 
obtained. With a washed slack, which is, in a way, a 
prepared coal, excellent results can be obtained on a 
chain-grate stoker. The figures given for maintenance 
costs at Lakeside are very good indeed, but it is possible 
that, after two or three years and with not quite so much 
skilled attention, these figures might rise. The author 
mentions the difficulty of obtaining data relative to 
the maintenance of mechanical stokers. With chain- 
grate stokers ,the maintenance cost is approximately 
2d. per ton of coal burned. This figure applies to 
stokers that have been operating for two or three years. 

Mr. F. DransfiLeld : I do not think that the author 
has been quite fair in comparing Dalmamock with 
Lalceside. The exit temperature at Dalmamock is in 
the neighbourhood of 400° F., while that at Lakeside 
is 200° F., which is remarkably low. On a rough calcula¬ 
tion the difference means a 5 per cent difference in 
efficiency. That difference should be credited to the 
boiler design and not to the pulverized fuel. It there¬ 
fore brings the Lakeside efficiency down to 81 per cent, 
which compares reasonably well with the efficiency 
of a good chain-grate stoker. The author says that 
the furnace temperature is greater than with stokers. 

I have taken a great number of tests on furnace 
temperatures, and I find that the average is in the 
neighbourhood of 2 600° F. The author gives a figure 
of 2 000°F. Firebricks of the best grade melt at 
approximately 3 000° F. If the temperature is increased 
from 2 600° F. up to, say, 2 800° F. there is a great danger 
of the firebricks running. This running is accentuated 
by the fact that some ashes haye a tendency to flux the 
bricks. How does the author propose to get rid of the 
20 per cent of ash deposit in the boilers ? It, is rather 
unfortimate that the higher the quality of the firebrick 
the softer it gets. A really high quality of firebrick 
crumbles in the hands, and there is therefore likely 
to be a great deal of wastage in the pulverized fuel 
due to the erosion of the ash, since a great deal of it is 
blown through the boiler. With regard to water, the 
♦ Vol. 68, No. 6. ♦ 
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author says that a steel economizer cannot be used 
owing to the corrosive action of the flue gases. I have 
been studying the water question for two years and my 
opinion is that the corrosion is mainly due to the dis¬ 
solved gases in the water. Thef-e is, in addition, a 
little danger from flue gkses. 

Mr. W. A. Wordley : Representing, as I do, more 
the industrial works with their smaller plant than 
the central stations, I am more concerned with the 
possibilities of pulverized fuel on plants consisting of, say, 
2 or 3 Stirling boilers each of 25 000 to 30 000 lb. per 
hour normal capacity, and with raiiges of from 4 to 10 
Lancashire boilers each 8 ft, 6 in. X 30 ft., evapora¬ 
ting 9 000 to 10 000 lb. per hour. The Stirling boilers 
can no doubt be converted from mechanical firing to 
pulverized-coal firing and prove very efficient, but is 
the cost of conversion and running of these smaller 
plants justified by the increased efficiency ? In other 
words, does the interest on capital invested justify the 
expenditure ? In considering the Lancashire boiler 
plants one has to decide which type of combustion 
chamber best meets the requirements, the external (or 
Dutch oven) or the internal or firebrick-lining type. 
Personally, I do not think that either type can prove a 
great success. The former introduces new soiiixes of 
heat loss and the latter is not, according to the bjisis of 
1 cubic foot per lb. of coal per hour, of sufficient capacity 
to ensure complete and perfect combustion. With 
regal'd to the cost of installing pulvcrized-fucl equip¬ 
ments on plants such as I have already mentioned, I 
have come to the conclusion that it is not a commercial 
proposition. Certain savings in fuel, labour, etc., 
would probably be effected, but when one compares 
these credits with the debits represented by running 
costs, interest, depreciation, etc., one is forced to con¬ 
clude that good mechanical-stokcr firing still holds the 
field in industrial works' plants. 

Mr. L. E. Hendry: How does the author arrive at a 
really reliable heat balance ? It is very unlikely that 
the same calorific value can be obtained at each tost. 
After sampling coal most carefully in the orthodox 
manner, and taking two separate samples, I have found 
as much as 10 per cent difference in the calorific value. 
These tests were most carefully taken in a properly 
equipped chemical laboratory and not in one usually 
attached to an ordinary plant. As regards mechanical 
stokers on the Babcock and Stirling boilers and induced 
draught, I have on 8- and 10-hour tests got up to 
86 per cent, and on the whole plant on varying types 
of boilers, induced draught, some of the boilers with 
economizers and some without economizers, an average 
efficiency of 76*6 per cent over the whole year, with 
about 36 per cent load factor, including all losses. 
The author does not state what system of draught is 
used on the Lopuleo system. I should be glad if he 
would say how all the foreign matter (bricks, clay, etc.) 
in coal which is delivered at power stations is got rid of. 

Major H. Bell: Many of the speakers in the I..ondon 
discussion seemed to take exception to tlxe attitude 
taken up by the author, and suggested that he was 
championing American practice, j, personally, agree 
with the author in saying that anything which can 
contribute to our knowledge of the better combustion of 
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fuel is something that must of necessity be to our advan¬ 
tage, no matter in what form it is put before us. Looking 
generally at the question of powdered fuel, one realizes 
that the problems in connection with it can be properly 
divided into two distinct parts, preparation and com¬ 
bustion. Deahng with the lattei first, it seems to me that | 
there cannot be very much doubt as to whether it is not 
better accurately to prepare a fuel so tliat by the time 
it is introduced into the furnace it is in a form in which 
it can be controlled with a very much ^eater degree 
of refinement than can ever be the case with solid fuels 
of such varying ranges of quality and size as we have 
been subjected to during the last four or five years. 
From that point of view I feel that the author is no 
prophet, and that before very long powdered fuel will 
be a very serious competitor of the mechanical stoker. 
In 1919, before the operations of that particular Corpora¬ 
tion with whose process the author is so familiar, com¬ 
paratively little had been done, and the tremendous 
progress which he outlines has all been achieved within 
the past four years. The designers of the Milwaukee 
plant, after going all over the Continent with the object 
of ascertaining which is the most effective and economic 
way of consuming coal, decided upon the powdered- 
fuel process. This installation has been followed by a 
large number of other plants, the most notable possibly 
being the Ford plant in Detroit, followed by the same 
firm’s Canadian plant at Walkersville, and others too 
numerous to mention. ‘ The process in connection with 
cement and steel-works is well known, but I should 
like to know which particular process is the correct one 
for steam raising. There is undoubtedly a great diversity 
of opinion about the various components which have 
to be introduced into a successful pulverized fuel; 


for instance, as to whether drying should be introduced 
or not. This seems to turn upon the amount of moisture 
which has to be dealt with. It is clear, as the author 
shows, that there are a number of very large plants 
which have been operating for a considerable time, in 
most of which drying is a feature. It is equally true to 
say that there are a number of smaller plants which 
have been working for years without any drying, and. 
of course, at first sight it would seem that if one can 
eliminate this comparatively troublesome component of 
the scheme something very material has been accom- 
phshed in the way of improving th^ chances of powdered 
fuel. One of the greatest of the arguments that have 
been raised against powdered fuel is dust. I am one of 
those who subscribe to the opinion that we shall be 
rather troubled in this country in that connection, 
and I was impressed by the great height of all the 
American stacks given in the paper. The reason for 
this is undoubtedly to overcome the very real troubles 
which we in this country are beginning to experience. 
At the present time, by reason of both grits and dust, 
I cannot help thinking that to install powdered fuel 
with boilers of any magnitude and with the 100 ft. 
stacks so famihar in Britain would be to court trouble. 
In conclusion, I should like to ask the author as a 
specialist just two questions: (1) In his opinion, is it 
necessary, in all cases, to use driers ? (2) To what degree 
of fineness is it desirable to prepare powdered fuel ? 
Upon the answers to those questions depends very largely 
the cost of preparing powdered fuel. 

[Mr. E. H. Hutchinson also took part in the dis¬ 
cussion at Leeds. The substance of his remarks was 
practically the same as in the discussion at Manchester 
(see page 445)]. 


Author's Reply to the Discussion. 


Mr. D. Brownlie (in reply) : In the first place I 
should like to state that it is hopeless for me to attempt 
to reply in detail to all the points raised. Not only 
are there 68 speakers, excluding the discussions at 
Bristol, Sheffield and Dublin of which reports are not 
available, but many of the contributions are of great 
length and I estimate that at least 60 different points 
have been raised. However, I have done the best that 
I can in the space available—^much in excess of that 
usually allowed—to answer the more important 
questions, but to deal fully with every point would more 
than double the length of my reply. 

In the first place I would point out that not one single 
performance figure has been given me by the Lopulco 
people. The data are primarily those of IVIr. John 
Anderson of Milwaukee and Mr, R. B. Mitchell of 
Glasgow, together with those of Mr. Henry Kreisinger 
and Mr. C, W. E. Clarke, who surely may be regarded os 
independent. I have omitted a description of the unit 
system because it is not yet available for large power- 
station boilers and so far does not seem to be a proved 
success for steam generation, whilst, above all, to my 
knowledge no detailed continuous-performance figures 
are available. If such figures exist, then the obvious 
thing for the advocates of the unit pulverizer to do is not 


to criticize my paper but to submit a paper on the 
unit pulverizer, giving the facts and figures, which 
everyone would welcome. The same remark applies to 
other central ” systems, which have apparently not 
had so extensive an experience of steam-generation work 
as the '' Lopulco.'^ Also, I have not advocated the use 
of pulverized-fuel firing,, but have simply presented the 
facts in what I have tried to make a readable yet con¬ 
densed form, so that British engineers may consider this 
question seriously. Obviously, pulverized-fuel firing 
has objections, like everything else. 

The Comparison between Lakeside and 
Dalmarnock, 

Many speakers are very emphatic, from many points 
of view, that the comparison between Lakeside and 
Dalmarnock is not fair. In fact every possible reason 
seems to have been adduced to explain the elementary 
fact that Lakeside is running all the year round at 86-86 
per cent efficiency and Dalmarnock at 76 per cent effici¬ 
ency, except the true and obvious oae, that pulverized- 
^ fuel firing is superior to mechanical stoking. In making 
the comparison I took one of the largest, most modem, 
and best-equipped stations in Great Britain, and certainly 
one which from the steam-generation point of view is not 
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only controlled on the most siMentirie linr.s, prohahlv 
equalled in this respect by no i»llier in lunopi*. but is 
broad-minded enough to allow llu‘ results (u bt* pub¬ 
lished (in this connection also see the reiuarks ol Mr. 
Blaikic on 421). iMirther. as ^explained at leniqli 

in the paper tltc comparison is probably as lair as t an 
ever be obtained, the only real tliller**uee beiiu^ the h»ad 
factor, for which allowance has btvn made, and t.ib\ tmisly 
we can never find two stations in the world abnoluh ly 
kleiilical. 

J>ealiiy4 with several of tlu* ptnnts raised, as reis.;anb» 
the difference in the (piality oi the coal, l.aUesjdi* is 
11 48H-12 321 H/rii.U. anti 2*25 a-hl pere.eut nunslnre, 
whilst Dalmarnock is h St»2 Id 13U Ih l’li.r, ami 12*lt 
14*8 per cent moistunx Mr. Wilmshurst is md ct»rree,t 


say so tlirecllv, that if llie LaUesitlt* jdaiit, e.xacily as it 
daiidsaial is eoiiliolh‘d, wert* tleprivetl-tif tlie piilvts i^Ted" 
fuel eqnipmeut and tilltsl with mechanical sloktn-s 
iiidtsid, then Sa Si*i per Cent elticiency vvtudd t:ontinue tti 
be iiblaitied and the etiicient results are not dtie tt> 
piii\ eri/«‘il tael at .ill. <* Mr. hecles, hoW(.’Vt*r, not onlv 
stiites this oulii^ht ipa‘«e Ml), but tweii ,i»ot‘s furthitr, 
as hdlous : ’* U I.aUe.itle bad lieen httetl wdth the 
halmainot lv sttikers an<i burnin|.t Ualmanitn:k coal a 
higher f‘liM*ien» v uonki h.ive Imssi obtatnetl lhati was 
at tnally d«me with the pulveri/etl i'md nsetl.** He tlum 
actually ^»oes on to state that bakesidtr retpares lOU 
b.h p. <‘\tra power, althtinp.h it is c learly j^^invu in the 
paper that the total auxiliary j>ower, apart frtnu tlryiiii;, 
is h’ss than at IhUiUitmotk. 


in taking (page 4r»2) )2tM)t» latMHi Ih l’li.l'. as agaiii.s! . 
9 000 B.Th.U., nor is Mr. I'otdiobrmlsky in avsuminp. 
(page410) asacoinparison 3-5 percent and U‘H per t tmt 
moisture respectively, whilst an equal ('(Jounsms vc*i v ; 
little in the .sensci which he mentions, bee.uise other 
factors are the CC) ami unburnl gaM*.i and the ratliant- 
heat emission. DilhTeut mohauiv i onteut in fuel is not 
allowed for in tlm caUnilations according hi auv f‘x» auu? 
boiler-test codi% and (his argmnenl lau be used lioili 
ways in comparing two methods id Ormg in e.cneial. 
Any difference in hcjiiliiig surface*, as rai d’d by Mr Wilue. 
hurst (page 452). is simply that of slamlanl .Vmmican 
and Hritisli practice, and pulverized fuel in .\merica gixes 
better results than mechanical stoking wht*ii both are 
under the mo.st favourable conditions, Tine* at ( cdlax 
1 kW i.s being obtaiiusl for 10 <100 Ikl'Ii.lh with raokm.*, 
and for pulverixed fuel the guarantee is in Otm Il. rii J , i 
Another cxanplaint, broug.hi forwaiM particnlarlv bv i 
Mr. Pocholmulsky (page 410) and Mr. hianstield ! 
(page 460) is that tJie tisil llue-gas tempera!tiict at baky^ • 
.side is only 205” J‘\ against 41 i" h\ at ]>almarm«.k. 4 lu* ‘ 
obvious reason is that piilvcTi/ed fuel is a more idiit ieiil 
method of combustion, the fiiruace teinperalure l»*iiig 
higher, so that tluj transmissiou !»♦ the bculer is inorc^ : 
effective. It is not llm “ boih^r d<*sign " hut llu* iiielhod : 
of llring, ami it is mainly for the .same reason, iu auswid’ 
to Mr. Bccles (page 444), that the chiinnev*-g;c^ tcunpera 
ture at Lakcjskle is much lower tlian that a1 I Mlniaruot k. ' 
I'inally, Mr. Pocliobradsky, taking 83*611 per cent 
elllciency for a day trial at Ihdniarnoc k f»f 3 hours onh, 
which is of no conqiarative value* cm this m ♦amut alotre, 
and 87 per cent for Liikeside, in spite* rii ihir fact that tin* | 
day figures at .Laketside art^ 87 01 p<»r cent, eonph*d witli - 
the debiting of Lakeside with calcnkiled ligiue’T bec,'iM 5 ,e i 
the combustion is .so cTlicient that tlie exit line |*as : 
temperature i.s retlucc;d to a ininimuiii, and other equrilly i 
irrelevant dcdiiction.s, apparently arrives at the t.oit- 
elusion that Lakesidti nnuiing all Uh» year tinmil at ! 
86-80 per cent is really inferior to Ikilmarnock at 76 ^ 
per cent. Gao qan hardly he experJefi to take ciilk i:au ; 
of this nature seriously. Obviou.sly, the only fair cniu* ; 
panson IS the actual monthly hgures, or at anv r.if e a long 
senes of day trials under ecpial c.ondhirms, espec.iallv as ^ 
regards duration, whilst Mr. lUdirihraflskv ir; eiiuallv 
confused over the question of the* ninniiig ami atixtiktry ^ 

COS*lS* ^ 


llic general idea of most of the speakers in Uiw «■*»» 
nection seems to be, although ihey do ntu in .dl cjisit 


biiially* a< distimt trom vague? Nlatcmcnts witlumt 
auv cxpkiuutiim that the ci»iup,irLon hveen tin* two 
slatiiiic. is nnt of ♦iny valm*, h as for exainph* tluHu of 
Mr. (ut kid ipa?*r 127) .and |)r. Lidois ipagr 466), .sotui* 
speaker,‘4, ;au h ar«i Mr. I billamls ip.igr t33), give it as their 
iouNidcird opiniiin that no n a-inl comparison at all can 
ever l«* made Iwtwccn Ainciicau and hamipcan stations t 
N.dnr.dlv, of coura*. all this ironldc* would not havr 
arra*n it fucihanical rdokiu;; liad brt*n pt'ovc*d to be 
superior to pulveri/cd fuel, and \vr tJumId also have btnm 
spared such remarkable :4.itemeiif i advanced agadie t 
the Use of pniveti/ed bud as th.d the iiioistnieot the air 
tif Ihr* I'nilefl Slate** i* dihereul from that of tirtsit 
Ihitaui. the Vilrv plant is ♦mly to run OOli honi?* a year. 
Aiucrk an inals ate quilt* ilittereut from HrttHh, ami there 
i* it*t usf*fid olqei 1 ill cMiiipatiiig the pf*ihuuiauce t>l two 
eks Iru itv !4.ihous on tliheitml *mh‘^ ol I he Atlantic. 

Of t'tmi.se, if the Gahiiarmtck coal were frausportcfl to 
L*tke*i<tf* and burnt in the pulveii**ed condition tht-re 
Would br* no ditlereiice al all in idtieiem y, and iiiofit of 
tin? speakei:; menl toned h.ive forgotten that the 
most 1410 ^*111 and j.pet tallv devigned ineehanical Moker 
stations in lh«* woild di* not at pie amt give Ktl per cent 
on esmbnuons peihnnmme. To avauue, tlieiehire, iliat 
lutsdiankal stoker, itmialled at l.ukf'side wonkt 8iiddc?idy 
give 86 88 per < enf etin ieucx is absurd. 

Ihi i n iri lire un; o* nn; L^ci; or .\ Piuuu if Hoii.i*.e- 
U;»| t'oiu:. 

The lucre?.! »ing couftisinu ami general flilhculties due 
in tin* hud; of a |noper ftitettuiiioual boiler test 
are emphasi/ed very strongly by the fliscussion, and the 
rent irks of Mr, baker tpage t23| and ol Mt, Hendry 
Ipage 4611) are muc.fi !*♦ the point. Nations .speakers 
cairh as Mr. iNHdiobnidsky <pag<* 4HH have, ovv ng to the 
present nmwdrdm lorv slate *d ahaiis. i.onbisffd the t!*sur* 
lndwf?en Lak<‘?4dir am! I kdinaritoc^k. and now that HI Hit 
per cent, boiler ettif iennes ,ire being oblapied it is 
bitcotning tnipi ralive that Hus uialter td a boder-tuHt 
code be eleared up. 

imiwcew Hiu risu vAmi isu am Fititt^. 
A iiiititbf*r of ‘ijwMhers Imve stalefl, iuh^rred* that 
there in sm h a dilferem e between Auierkau itml Hrilish 
coals that ii floes md fotlovv Ih.ti %vi? Hhoiihl obtain 
equally cftidetil rcfaitfs with ptiKcjrtmi fuel iu Great 
itritain ji.s are at present heiug nhowit in America. 
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Mr. Partridge (page 419), for example, is much 
worried that the average calorific value of American coals 
on the tests shown was over 12 000 B.Th.U. and that 
engineers in the London area have hundreds of different 
classes of fuels at th&r disposal." I must confess that 
I cannot grasp this point, sinc^v in answer also to Mr. 
Hamilton (page 431), for the first time pulverized fuel 
has given us a method of burning at high efficiency any 
fuel, irrespective of its heating value, moisture, volatile 
matter, resinous content, coking properties, mechanical 
condition, ash, and melting point of the ash. 

Further, Sir James Kemnal (page 418) states that 
American c®als are as a rule much more friable than 
European coals as is shown by the fact that in England 
we cannot use a mechanical stoker more than 9 ft. wide, 
whereas in America stokers 24 ft. wide are used. 
Incidentally, stokers 11 ft. wide are now in opera¬ 
tion in Great Britain and units 16 ft, wide are under 
construction, also installations of over 20 ft. width can 
be built at any time and are at present being quoted. 
Further, the friability of coal has nothing to do with 
the width of stokers, another direction in which British 
engineering lias hitherto lagged behind American. The 
reason is that we have only just begun to use the modern 
suspended arch and it is not possible with the out-of- 
date sprung arch to exceed about 9 ft. 

Variety ok Fuels that can be Used. 

In view of this perfectly well-known and remarkable 
flexibility of pulverized fuel as regards the quality of the 
fuel, it is ludicrous that a number of speakers should 
attempt to show that mechanical stoking is superior in 
this respect. 

Sir James Kemnal (page 418), fof example, is emphatic 
on this point, and Mr. McLaren (page 436) not only says 
mechanical stoking will bum a wider range of fuels than 
the Lopulco system, but makes the still more amazing 
statement that " any amount of ash " in a fuel makes no 
difference to mechanical stoking. Apart from the fact 
that even in the discussion itself Mr. J ackson (page 448) 
gives an example of his own experience of burning 
successfully in a well-known Newcastle station a quality 
of fuel by pulverizing methods which is quite impossible 
with cliain-grate stokers, statements of this character 
will enable the experienced power-station engineer to 
draw his own conclusions as to the calibre of some of the 
arguments advanced against pulverized fuel. 

Capital Cost. | 

Another alleged objection to pulverized fuel on the 
Lopulco system is the capital cost of the installation 
as compared with the unit pulverizer and mechanical 
stoking, and some extraordinary statements have been 
made in this connection. 

Sir James Kemnal (page 418) first of. all says ''no 
mention is made in ihe paper " of this vital matter of 
capital cost; whereas the matter is discussed on 
pages 416 and 416. He then goes on to assume that 
" the cost is very high, probably five or six times as much 
as that of mechanical stokers of the best kind." 

Mr. Pochobradsky states (page 421) that the cost of a 
pulverized-fuel plant to deal with 60 tons a day is 
£11 662, taken from the paper (page 391), the period 


being that of the abnormal high prices of 1918, whilst 
a unit pulverizer for the same duty would cost £800. 
Mr. Hollands (page 433) says that " the difference in 
cost is enormous," and the same point is raised by 
Mr. Forrest (page 464). » 

It will be agreed that the engineers and managerial 
staffs who control, for example, the Detroit Edison Co., 
the Ford Motor Co., the Cleveland Electricity Co., the 
Cahokia station at St. Louis, the Colfax installation at 
Pittsburg, the Union d’filectricite in France, and the 
Willesden and St. Pancras stations in Great Britain 
know what they are doing, which would not be the case 
if a number of the arguments advanced on this point, 
are worth anything. That is to say, we should have to 
admit that many of the most prominent industrial 
concerns of the world who have placed orders for 
. pulverized-fuel plant to the extent of a consumption of 
nearly 4 million tons of coal per annum incurred huge 
and unnecessary capital costs. 

It is very difficult, in fact almost impossible, to give 
a real comparison in capital cost between modem 
pulverized fuel and mechanical stoking, because so much 
depends on the conditions. The unit pulverizer is hardly 
worth considering on present knowledge, as it is not 
applicable to large boilers and sustained high efficiency, 
apart also from the fact that it requires, like any other 
method, auxiliaries in the way of coal-crushers, con¬ 
veyers and overhead bunkers, together witli ash con¬ 
veyers. 

Taldng, however, first of all the case of entirely new 
plant, we have to consider two factors, the size of the 
. plant and the increased output due to pulverized fuel. 
On one large boiler only, say 60 000-100 000 Ib. per hour, 
the comparative capital cost of the equipment was in 
a- recent instance approximately 1 • 6 :1 • 0 (pulverized 
coal of course being dearer), taking everything on tlic 
latest lines—economizers, superheaters, air heaters, fans, 
overhead coal-bunkers, ash-handling plant, chimney, 
and the correct combustion chamber in each case. This, 
however, is not a fair comparison because the output of 
the pulverized-fuel plant is much greater. Thus at 
Willesden a 60 000 lb. boiler with 62 600 lb. peak load on 
mechanical stokers will give 60 000 lb. normal load, 
72 000 lb. continuous overload, and 80 000 lb. peak load 
with pulverized fuel, and when the basis of equal .steam 
output is taken there is little difference in capital cost. 
For a large plant of, say, six 60 000 lb. boilers, pulverized 
fuel is no more expen.sive or even ch^per, as is well 
known from the extensive American experience, and all 
the remarks about greatly increased capital outlay can 
be disregarded. As applied to existing mechanical- 
stoker plant the matter is different, and in many cases 
the opinion of Mr. Pearce (page 442), that in these cir¬ 
cumstances the capital cost will outweigh the savings, 
is correct, chiefly because the boilers have to be reset 
to obtain a proper combustion-chamber volume. 

High Efficiency with Mechanical Stoking. 

In reply to Mr, Rowe (page 435) and also in connection 
with the remarks of Mr. Cauthery (page 463) and 
Mr. Partridge (page 419), very high efficiencies for short 
tests have certainly been obtained with mechanical 
stoking, and I am aware that 88 per cent is claimed with 
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marine boilers and forced-draught, air-heater equip¬ 
ment, and also 86-89 per cent with ordinary water-tube 
boiler installations of stokers, superheaters, economizers 
and air heaters. Apart from the great confusion that 
exists in the method of calculating and expressing boiler- 
plant tests, the point is, however, that these figures only 
apply to short tests and not to continuous running. 

The Difference between Continuous Running 
AND Test Conditions. 

In connection with this question of high efficiency 
obtained by mechanical stokers the discussion shows that 
it is almost impossible to get many engineers to under¬ 
stand the difference between a short test of a few hours 
under special conditions and the actual running results 
from month to month. The Lopulco figures at Lake¬ 
side, 86-86 per cent efficiency, are based on the water 
evaporated and the coal burnt each month, including 
all light load, starting-up and shutting-down losses, 
whereas the short tests vary from 87 to 91 per cent 
efficiency. In spite of very high figures on short tests, 
the most efficient stoker plants in the world are only 
giving about 75-78 per cent efficiency, as, for example, 
in the case of Colfax and Dalmamock. 

Mr. Hendry (page 459) gives an excellent illustration 
of this, a typical mechanical-stoker plant running at 
76 • 6 per cent efficiency all the year round but on which as 
high as 86 per cent has been obtained on a 10-hour test. 
Yet many speakers persist in claiming 80-85 per cent 
short-test efficiency for mechanical stokers against the 
86-86 per cent continuous figures for Lakeside and not 
the test figures of 87—90 per cent. For example, Mr. D. 
Wilson (page 421) assumes that my figure of 76 per 
cent for the performance of mechanical stoking is a 
misprint and speaks about 80 per cent and over as if this 
applied to continous performance. It was for this 
reason, in tr 3 dng to emphasize the importalice of month- 
to-month figures, that I mentioned the 400 tests. 
Again, Mr. Townley (page 468) takes 81*5 per cent as 
the performance of his mechanical-stoker plant, admits 
that this is only for 10-hour test figures, and then proceeds 
to compare this with the continuous figures of 86-86 per 
cent efficiency at Lakeside. His assumption of only 
4 per cent saving is of course quite wrong and should 
be 6-9 J per cent in comparison with Lakeside day tests 
of 87-91 per cent. 

Steam-generation Efficiency and Cost of Power 
Production. 

Quite a number of speakers also have assumed that I 
have devoted nearly all my attention to the increase of 
steam-generation effici^cy and said nothing about the 
total cost of the production of power, which it is in*t 
sinuated in some cases is really higher with pulveri 2 ;ed 
fuel. Thus Sir James Kemnal (page 418) says that 
steam-generation efficiency, whether 80 or 86 per cent, 
does not matter so long as the total cost per unit 
generated is less, whilst Mr. Partridge (page 419) is of 
the opinion that we ought to include such items as 
labour, repairs and maintenance, and interest on capital. 

Mr. Wilmshurst says (page 462) that he would prefer 
to hear less of the overall efficiency of the boiler and more 
of the total commercial costs of running per unit 
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generated—such figures to include all capital charges 
and the cost of running auxiliaries. 

Again, Mr. Blaikie states (page 424) that “ the paper 
is mainly concerned with the thermal efficiency of steam 
generation." Mr. Stubbs (page 44'‘i^ says that '* the really 
important features are lost sight of because of his [the 
author’s] anxiety to stress the question of efficiency." 
Mr. Troup (page 430) thinks that I have not done my¬ 
self justice by emphasizing thermal efficiency to such 
an extent. Further, Mr, Petford (page 457) speaks 
of straining after higher efficiencies," Mr. Forrest 
(page 454) suggests that what matters is the lowest cost 
of steam generation and not efficiency, whilet Mr. Devey 
in his remarks (page 434) seems to be under the impression 
that I have dealt only with efficiency. 

These speakers do not appear to have read the paper 
thoroughly. I have not devoted undue attention to 
efficiency at all, but have dealt in the fullest detail with 
every one of the advantages and disadvantages of 
pulverized fuel, and in this section out of a total of 
20 pages (396-416) only 8 pages (396-404) deal with 
efficiency. I stated also in the clearest possible fashion 
that the most valuable portion of the paper related to the 
costs of running at Lakeside. 

In reply to the platitudes about generation costs, 
obviously if the net cost of generating steam is reduced, 
as shown in the paper, then also the overall power costs 
will be lowered accordingly, and I have not given these 
latter because the paper deals with steam generation and 
is already 40 000 words in length, I can only say again, 
as already stated in thb case of capital cost, that those 
in charge of many of the most prominent firms in the 
world know what they are doing and would not have 
adopted pulverized fuel if the net generation costs were 
thereby increased. 

Objections to the Water Screen. 

Another common contention in the discussion is that 
the water screen for the prevention of the slagging is an 
objection. In the first place it is stated to be dangerous 
to work. Thus Mr. Cauthery (page 463) thinks that 
it may give trouble by overheating, contraction and 
expansion, and we know from Mr. Pearce (page 443) 
that one water-tube boiler firm are not only strongly’ 
opposed to the water screen but actually have stated 
that they did not think a boiler insurance company 
would insure a boiler with such an attachment. Again, 
it . is supposed to require abnormally pure water. Mr. 
Allwood (page 453) regards it as a weak point unless 
particular attention is given to the water, and Mr. Train 
(page 437) is of the opinion that it " is barred on 
account of the quality of the feed water " and we ought 
to concentrate on designing a furnace without water 
screens. Finally, the water screen is stated to be 
unnecessary, and a number of speakers such as Mr. 
Hutchinson (page 444), Mr. Hollands (page 433), Sir 
James Kemnal ^age 418) and Mr. McLaren (page 436) 
are of the opinion that slagging is or can be eliminated 
without a water screen and merely by proper fiunace 
design. 

The facts are, in answer also to Mr, West (page 430) 
and Mr, Hamilton (page 431), that the water screen does 
not give trouble and the installations at Lakeside and 
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Oneida-street have been running for several years 
without any difficulty, whilst 60 000 kW at Caholda has 
been in operation for 6 months. Also it is a misstate¬ 
ment to say that insurance companies have raised any 
objection, either in H^erica or France, to the water 
screen, as must be obvious from*'the number of plants at 
work. 

■ The best methods of preventing slagging are a matter 
of opinion, but the water screen is mainly responsible for 
the fact that several million tons of coal in the pulverized 
condition are now being burnt per annum for steam 
generation. When unit-pulverizer firms or any of l^e 
speakers cauh show us actual results of long running with 
varying qualities of coal on power stations without a 
water screen, then we can consider their statements 
seriously. It may be mentioned also that the chief 
reason why pulverized fuel makes such slow progress for 
general furnace work, as in the iron and steel industries, 
is because unit pulverizers cannot entirely stop slagging, 
and, as Mr. Clements points out (page 426), any satis¬ 
factory S 3 ratem must guarantee to prevent this trouble. 
Finally, from a theoretical point of view the objections 
to the water screen have no point at all, and on what 
grounds Sir James Kemnal (page 418) says that it is a 
somewhat crude arrangement ” is not clear. The 
apparatus is a 4 in. steel tube, the same as the tubes of 
the boiler, and it is. less liable to bum out or give trouble, 
and no more requires specially pure water than the 
boiler tuj^es. It would be much more logical to apply 
the above objections to the bottom two or three rows 
of tubes of the boiler nearest the furnace which have 
to do 70 per cent of the whole evaporation, an inherent 
defect in most water-tube boiler design. 

Size of the Combustion Chamber. 

Arising out of the comparison between Lakeside and 
Dalmaxnock, several speakers seem to regard the size of 
the combustion chamber as a disadvantage. The fact 
is, however, that a large combustion space is essential 
to efficient combustion, and mechanical-stoker practice 
is suffering heavily because this fact is not recognized 
in Great Britain as it is in America. The extra capital 
cost of a large combustion chamber is wiped out in a 
month or two by the extra efficiency. In this connection 
the point raised by Mr. Hutchinson (page 444) that the 
large combustion chamber cannot tend to efficiency 
obviously has no value since it is at present giving the 
highest boiler-plant efficiency in the world, whether on 
continuous running or short tests. Some speakers such 
as Mr. NichoUs (page 463) complain that a part of the high 
efficiency of Lakeside is due to proper dimensions in this 
connection, which is quite correct, but in making the 
comparison I cannot help it, and all along I have given 
mechanical stoking the advantage in case of doubt (see 
page 400). 

Mr. Rutland (page 462) seems to regard with pride the 
fact that marine boilers are crowded into a small space. 
This is one of the chief reasons why the efficiency of 
marine steam-generation is so low, averaging probably 
less than 66 per cent, whereas pulverized fuel in a large 
water-tube boiler with sufficient combustion-chamber 
space will give, 86 per cent, that is, about 36 per cent 
reduction in the coal biU. An interesting example from 


marine practice is given by Mr. W. J. Muller, the chief 
engineer of the Dutch steamship company, the Komn- 
klyke Paketvaart Maatschappij of Amsterdam, in a 
paper read in 1923 before the Institution of Naval 
Architects. He shows that a marine water-tube boiler 
with mechanical stoking gave 66 per cent efficiency with 
the usual combustion space, but by merely raising the 
boiler 2 ft. the efficiency went up to 76 per cent, that is 
a saving of over 13 per cent in the coal bill. In spite, 
however, of the triumphant competition of the Diesel 
engine, marine steam-generation practice continues to 
blunder along in the same inefficient manner, of which 
small combustion space is only one of many illustrations. 

In reply to Mr. Blaikie (page 424), the main reasons 
why a Lancashire boiler plant will give 82*6 per cent 
efficiency with cramped combustion space is the use of 
a high-grade fuel of low ash-content, often with a low 
volatile content, adequate draught, tight settings, goc^ 
firing and an extensive equipment of superheaters and, 
particularly, economizers. 

Fine Ash Discharged from the Chimneys. 

Very many of the speakers have raised the point 
on purely theoretical grounds—that one of the most 
serious objections to the Lopuleo system of pulverized- 
fuel firing is a huge amount of fine ash discharged from 
the chimney. It has been stated also, apart from the 
present discussion, that 70-80 per cent of the ash is 
discharged from the chimney, obUvious of the other 
objections that about 60 per cent of the ash is deposited 
in the furnace and would cause slagging in the absence 
of the water screen, whilst 26-30 per cent.causes trouble 
in the boiler tubes and flues. Thus, as an example, 
Mr. Partridge says (pag© 419) that ' every engineer 
whom we consultedtold him this and he is of the 
opinion that “ the London area is a very different pro¬ 
position from a station by a lake, especially because of 
the stringent rules and regulations of the County 

Council.'* , , 

“whilst Mr. Petford (page 467) talks about Ihe medical 
authorities not looking on pulverized fuel mth favour, 
Mr. Mallinson (page 440) is nervous about the deleterious 
effect on the air of Manchester, and Dr. Lessing states 
(page 421) that if only 12 per cent of the ash escapes from 
the chimney this would mean that our vanishing smoke 
problem would be replaced by a dust problem and that 
for a successful solution of the powdered-fuel problem 
the ash must be eliminated. Also Mr. Moxon (page 434) 
and Mr. Rutland (page 462) express unfavourable 
opinions upon pulverized fuel on this account, whilst 
Prof. Bulleid (page 464) wants to know if there is any 
danger .of the ash choking up rain-water spouting, 
and Alderman Walker (page 447) has apparently mis¬ 
understood the figures given in the paper and on the 

lantern slides. - i 

The facts are, as already stated, that the ash discharged 
at Lakeside is 17J-26 per cent of the total ash, about 
3 per cent of the coal fired, which is approximately 
same as that discharged from chimneys to-day with 
mechanical stoking except that in the latter case-much 
nuisance is caused because of the large particles. The 
best information on the ash question is contained in a 
recent paper by Mr. H. D. Savage before the American 
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Society of Mechanical Engineers. There are only two 
places in the world, Lakeside and Oneida-street, wl^ere 
the exact amount of the ash discharged has ever l)een 
determined, and the ideas often expressed that 40-80 
per cent of ^he ash is discharged are‘mere guesswork. 
There has, in practice, never been any trouble with 
ash, either at Lakeside, as pointed out by Mr. Evans 
(page 422), or anywhere else. Mr. Savage also mentions 
that with a super-station of 10 boilers of 15 000 sq. ft. 
heating surface burning 1 176. tons of coal per day, 
at 10 per cent ash this is 117 *6 tons of ash per day. 
Even if 30 per cent were discharged from the chimney, 
that is 35 tons of ash per 24 hours, and if this came 
down within a radius of IJ miles, that is 7 square 
miles, obviously impossible, the ash deposit would be 
0*00031 lb. per square foot per 24 hours, or 1*8 ounces 
per annum. The particles are so extraordinarily small, 
being the ash skeleton of pure mineral matter from coal 
of which 65 per cent passes through a 200 mesh, that 
they are comparable in size, as Mr, W. Wilson (page 456) 
expresses it, with the motes floating in every sunbeam. 
In practice they remain suspended in the air until washed 
down by the rain. 

The Height of the Chimney required for 
Pulverized Fuel. 

A number of speakers have assumed that because the 
Ford steel chimneys are 327 ft. high therefore one of the 
objections to pulverized fuel is that an enormous and 
costly chimney is necessary. Thus, for example, 
Mr. Wadeson (page 458) says that the height of the 
chimney in thp pulverized-fuel station is about 2| times 
that of a mechanical-stoker station, and Mr. Hutchinson 
(page 444) also mentions this point. They seem to have 
forgotten that the Ford chimneys deal normally witla 
70 per cent blast-furnace gas and 30 per cent pulverized 
coal, so that they might as well have pursued this 
argument to the end and claimed that pulverized coal 
emits so much dust from the chimney that even for only 
30 per cent of pulverized-fuel chimneys over 300 ft. 
high are essential. The reason for the great height is that 
the Ford Company prefer natural draught to mechanical 
draught, and the above statements are obviously of no 
value because the Lakeside chimney is 220 ft. high and a 
very large number of mechanically-fired plants in Grej 3 .t 
Britain have chimneys as high as this. The lowest 
practical height for a chimney is a matter of opinion, 
as we find in connection with the general propositions 
of high chimney versus medium-height chimney and 
mechanical draught. Also, as Major Bell points out 
(page 460), the 100 ft. chimney is already giving much 
trouble with mechanical stoking. 

The Lopulco Vertical Drier. 

Mr, McLaren (page 436) says that this “ apparently 
has not yet been thoroughly tried."' The answer is 
that it has been running experimentally for 2 years 
past at Oneida-street and has also been in operation at 
the Cahokia plant, St. Louis (60 000 kW), for 6 months. 

The Degree op Drying Necessary for the Coal. 

With regard to the statement made by Mr. Hollands 
page 433), it is quite true that I said in the Iron and Coal 
VOL. 62, 


Trades Re^uieiv drying down to 1 per cent moisture 
in large revolving driers is a formidable operation, an 
opinion which I still hold, although we have always got to 
look at the final net results. But to-day it is not neces¬ 
sary to dry down to 1 per cent or fise complicated driers 
as explained in the pap^ (for example, page 395), and in 
reply particularly to Mr. Malpas (page 434), it is now 
found necessary for the most efficient results in the 
pulverizer only to drive off the free or surface moisture. 
The efficiency of the pulverizer is not affected by what 
is vaguely termed the hygroscopic moisture which is a 
part of the coal substance. The new vertical Lopulco 
gravity drier, as described in the paper, is small and 
compact apparatus with no moving parts, occupying little 
room and requiring practically no attention, circulating 
a mixture of air and exit flue gases at 215® F., which 
absorbs 3 kW per ton of coal dried. Further, in reply 
to Mr. Malpas (page 434) the temperature is regulated 
by means of a damper by altering the amount of cold air 
supplied. Nearly all the objections raised to drying the 
coal, such as those of Mr. Hollands (page 433), have no 
point in reference to this improved t^e of drier. 

Unburnt Ash in Coal. 

Just as many power station engineers imagine their 
boiler plant is running at 75-80 per cent efficiency all the 
year round, remarkable ideas still exist as to the loss 
by unburnt fuel in the ash. As an example of this 
Mr. D. W’ilson (page 421) states that “ in a wellr 
operated station the carbon in the ash does not 
exceed 10 per cent” and that “there should be no 
difficulty in keeping the*loss down to 0*5 per cent,” 
meaning presumably by this the figure for the actual 
coal loss, and then goes on to say that my figures of 
3-5 per cent for mechanical stoking are ” inaccurate and 
liable to mislead.” The true state of affairs is, however, 
illustrated by a number of speakers in the discussion. 
Mr. Maxted (page 432) gives the details of a boiler plant 
of 6 Babcock and Wilcox boilers under his control fitted 
with chmn-grate stokers and operated on the most 
scientific, lines at 75. per cent boiler-plant efficiency. 
There is on the plant a loss in the ash and clinker of 
5 per cent of the coal fired, that is 1 300 tons of coal per 
annum, whilst Dr. Lulofs (page 455) of the Amsterdam 
electricity station gives it as his opinion that 5 per cent 
of coal lost as unbumt fuel in the ash is a low figure. 

Mr. Jacksbn (page 449) confirms in his experience 
1-2 per cent coal loss in the ash, whilst the riddlings on 
chain-grate stokers are 35 per cent, and Mr. Evans 
(page 422) gives another example of 20 per cent. The 
estimate of 3-5 per cent in the paper is an understate¬ 
ment. 

Large Size of Boiler with Pulverized* Fuel. 

In this connection, confirming the remarks made by 
Mr. Evans (page 422), Mr. Swindin (page 428), Mr. Troup 
(page 430) and Mr. Platt (page 454), modem pulverized- 
fuel firing has rendered possible the huge boiler which 
cannot be operated with mechanical stokers or unit 
pulverizers. I am glad that Mr. Erith reminds me 
(page 426) that the largest mechanically-fired boiler has 
about 170 000 lb. evaporation per hour, but pulverized 
fuel has been the sole means of making possible the unit 

31 
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of 30 000 sq. ft. heating surface or over, with a normal 
evaporation of 300 000 lb. and an overload of 
400 000 lb. per hour. It is now proposed, because 
of the perfection of pulverized fuel, to construct 40 000 
sq. ft. heating-surface® boilers so that one unit only will 
supply a 36 000 kW turbine, thus simplif 5 dng power- 
station design. 

Temperature in Combustion Chamber. 

Several speakers such as Mr. Hutchinson (page 444) 
and Mr. Dransfield (page 469) have quite misread the 
temperature of 2 100* F. mentioned on page 406 of the 
paper in coifnection with the Ford plant. This relates 
to 70 per cent blast-furnace gas and 30 per cent pulverized 
fuel, and not to pulverized fuel only, the temperature of 
which is certainly well over 2 600® F. 

Vibrations of the Boiler. 

Mr. Rutland (page 452) raises the interesting point of 

organ pipe effects,*' which is a peculiar vibration of the 
whole boiler due to pulsations in the combustion chamber. 
I have not heard of any case of this actually happening 
with pulverized coal, although presumably it might take 
place. The cause is rather mysterious and I have known 
several very troublesome and almost alarming cases of 
this with chain-grate stokers, in one of which a change 
in the quality of the coal caused an instant cessation 
of the effect. The same result can be given to a lesser 
degree in Lancashire boilers if the superheater is not 
provided with a mid-feather. 

Troubles due to Liquid Condition of Pixverized 
Fuel. 

Mr. Phillips (page 462) raises the very interesting point 
of the pulverized fuel becoming ** liquid,*' due to particu¬ 
larly good drying and grinding, and running right through 
the feeders like water. Mr. Phillips is quite correct that 
the variable pitch of the cast-iron screw feeder described 
in the paper is designed to reduce this trouble to a 
minimum. This variable pitch tightens up the coal at the 
end of the feeder, giving a “ plug *’ of coal, which has 
the double function of preventing the 10 per cent air at 
12 in. water gauge, added at the discharge, from passing 
back into the pulverized-coal bunker and also acting as 
a barrier in the case of the ** liquid ** condition mentioned. 

Wear and Tear on Burners. 

Mr. Rutland (page 462) asks if there is any mechanical 
wear and tear on the burner tips with pulverized fuel, 
following upon his experiences in this respect with 
''unfiltered oil in oil burners. There is no trouble in this 
respect and the two cases are not parallel, since there 
is ample Clearance space through the burners and the 
pulverized fuel-air mixture behaves practically as a 
gas. A more suitable comparison would be with the 
gas-firing of boilers and not oil burners with an exces¬ 
sively small aperture. 

Combined Mechanical Stoker and Pulverized-fuel 
Firing. 

Dr. Lulofs (page 466) deals with a new development 
which he has undertaken at Amsterdam electricity 


station, that is the combination of a unit pulverizer and 
a chain-grate mechanical stoker. The idea briefly is 
to install a unit pulverizer using much less than the 
normal amount of air at the back end of the stoker, the 
jets being parallel with the chain grate and at a slight 
angle inwards. In tliis way the obvious and perfectly 
well-known defect of cham-gi*ate stokers, the admission 
of excess air at the back as the fires bum thin, giving 
about 5 per cent CO 2 , is remedied by using this air to 
complete the combustion of the pulverized coal. Thi^ 
is stated to have given excellent results, at least 20 per 
cent increase in evaporation, and the method is certainly 
interesting in spite of the defects of the unit pulverizer 
(to be discussed later). 

Radiation Loss. 

In reply to Mr. Blaikie (page 424) the radiation loss 
from a pulverized-fuel plant is not excessive in spite of 
the large combustion chamber, and the figures for 
Lakeside of 1J per cent and of 2 J per cent for Dalmarnock 
are probably both on the generous side. The old ideas 
of 6 per cent radiation loss in the case of a boiler plant 
are quite erroneous. 

Cast-iron versus Steel-tube Economizers. 

I can assure Sir James Kemnal, in reply to liis remarks 
on page 418, that I am quite aware that in a number of 
cases cast-iron economizers have been replaced by steel. 
I am, however, also acquainted with the fact that in 
various instances the steel-tube economizer has proved 
to be most unsatisfactory. In this connection the state¬ 
ments made by Mr. Rushworth (page 463) are somewhat 
significant, not only as regards failures of steel-tube 
economizers, but also because cast-iron coverings are 
now being adopted to try to protect the steel. 

In reply to Mr. Jockel (page 427) the trouble with 
the steel-tube economizer is both external and in¬ 
ternal corrosion, as pointed out also by Mr. Dransfield 
(page 469). 

In answer to Mr. McLaren (page 436), I do not think 
that the steel-tube economizer will outlast the water 
screen, and the proper comparison for the latter is the 
lower boiler tubes and not the economizer tubes. 

Marine and Cylindrical Boiler Practice. 

In reply to Mr. Hall (page 434} and Mr. Rutland 
(page 452), so far as I know, pulverized-fuel firing has 
made no headway at all with marine boilers, or in fact 
with any t 3 rpe of cylindrical boiler, a matter obviously 
of the greatest importance since by far the greater amount 
of coal burnt in Great Britain for steam generation is 
consumed in Lancashire boilers. This also is in answer 
to Prof, Bulleid (page 463) and Mr, Wordley (page 469). 

The Unix Pulverizer. 

Most attention of all has been given in the discussion 
to the question of the so-called unit pulverizer, and 
accordingly I will deal with the matter at some length. 
The reason why I omitted unit pulverizers from the paper 
has already been explained (pages 386 and 460). 

In the first place, it may be stated -that 1±ie distinction 
to-dav between the so-caUed " central" system and the 
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so>called '* unit system of pulverizing no longer holds 
goo^fi, since the latest Lopulco application appears to 
combine the advantages of both. In the central sj^tem 
it is usually understood that the crushing, drying and 
pulverizing of the coal are carried out in a separate pul¬ 
verizer building and the pulverized coal sent to all the 
dil^erent boilers or furnaces in the boiler house, as at 
Lakeside, whereas in the unit system a single combined 
pulverizer, separator, and air-supply fan are used in one 
^nit in front of each boiler, in place of the mechanical 
stoker. 

In the modem Lopulco system, of course, as at Vitry, 
Cahokia, etc., no separate building is required, each 
boiler having its own independent vertical drier, 
pulverizer, separator, pulverized-fuel storage bunker, 
feeder, water screen and hollow brickwork, all of which 
are worked separately and independent^ of one another 
at praotidally continuous, maximum efficiency, whilst the 
space occupied is little more than with unit pulverizers 
or mechanical stokers and ash conveytrs. The fact is 
also that the unit system* has had little or no success 
for large-scale steam generation, and because of this 
the central system had to be devised so as to eliminate 
the obvious defects of the former method. To-day in the 
United States practically all the boiler plants of any 
importance lired with pulverized fuel do not use the unit 
system. My paper is concerned with steam boilers only, 
not furnaces in general, and Mr. Mallinson’s statement 
(page 440) that unit pulverizers are being developed in 
the United States is really beside the point, just as are 
Mr. Hutchinson*s remarks (page 444) that one system of 
unit pulverizers bums 1| million tons of coal per annum. 
About 30 million tons are burnt every year for all 
purposes and I can assure Mr. Atkinson (page 422) tliat 
I am not in the least surprised to hear that over 4<J0 
turbo-pulverizers are installed, but what concerns this 
paper is steam generation. 

Alderman A?Valker (page 447) states that he finds on 
inquiry there are quite a number of unit plants at 
work, but he does not enlighten us any further as to the 
result of his investigations. How^ever, Mr. Hollands 
(page 433) states that 160 unit pulverizers of one make 
are operating on boiler plants, and Mr. Hutchinson says 
that 60 plants are at work in France, but no details are 
given. 

As we have already had in the discussion a fairiy 
comprehensive account of the advantages of the imit 
pulverizer from various speakers, including Mr. Maxted 
(page 432), Mr. Clemitson (page 461) and Mr. Hutchinson 
(page 444), it will not be without interest to give the 
objections to the unit pulverizer, which would seem to be 
on present knowledge as follows :— 

(a) Since no magnetic separator is used there is always 
danger from a serious breaicdown due to stray metal 
particles in the coal, such as nails, bolts, cartridge cases, 
washers, canister lids, and similar material. 

(b) A minor accident shuts down the whole boiler, 
whereas this does not happen on the central system in 
general, with.reserves of pulverized coal and a number 
of separate burners and feeders. 

(c) The absence of dr)dng, and the assumption (which 
is not admitted) that any coal up to 12 per cent moisture 
can be.i^sed direct, mean that the coal varies in moisture 


content and therefore in physical properties. This 
results in uneven grinding; that is, a 6 per cent moisture 
coal does not give the same result as a 10 per cent coal, 
whereas on the central system there is. always one 
moisture content. ^ 

(d) The presence of moisture in the coal means 
excessive povrer required for the pulverizer. Mr. Train 
(page 436) realizes this point and suggests the addition 
of a vertical drier to the unit pulverizer. 

(<?) The presence of moisture in the coal means a 
lovrer boiler-plant efficiency, since the moisture has to 
be evaporated into steam in the furnace, wliicli escapes 
in the exit gases and carries away a largf amount of 
(latent) heat. 

(/) A unit pulverizer will work only whilst the boiler 
is in actual operation, and at a corresponding rate, 
whereas on a central system, such as the Lopulco, 24 
hours’ coal supply can be pulverized in 16-17 hours 
irrespective of the boiler output. Consequently, the 
pulverizing is done largely at night when the station is 
on light load and the cost of power practically nil. 

(f) What may be termed the essential defect of the 
unit pulverizer is that it is not possible to carry out at 
one and the same time at maximum efficiency in a single 
machine the entirely different operations of pulverizing 
coal, separating the particles, conveying, mixing with 
air, and suppljdng to' the furnace at the various rates of 
operation which depend upon the fluctuations in the 
steam demand. Each one of these operations is only 
working at a maximum efficiency at one speed, and 
needless to say these speeds do not coincide. At any 
given rate of burning, therefore, the net efficiency of 
the pulverizer unit is the average of all the different 
operations, and tliis efficiency is nearly always low 
because the given speed can only be approximately 
correct for one or two of the different functions. Thus 
as the steam demand rises to a maximum the efhciency 
of the grinding falls heavily, the power required rises, 
the wear and tear increase, and vibration generally 
results. Again, a very serious point, there is no real 
control over the air supply and little flexibility, since the 
speed of the pulverizer, which governs the air, has to be 
adjusted, depending on the other factors. It was these 
reasons that caused the central type of S 3 rstem to be 
devised, in which the pulverizer works continuously on 
dried coal at one speed only, that of maximum effiqiency, 
since between it and the burners is a large storage bunker. 
The coal is intimately mixed with air in an entirely 
separate feeder under easy control, and is burnt in a 
nrunber of independent burners working only within a 
range of high efficiency, individual burners being shut 
down or started up as required for very light or heavy 
loads. This will answer particularly Mr. Clemitson’s 
remark (page 461) as to why it is necessary to '* go to 
the Irouble ** of separators, feeders, etc. 

(h) The power required by the unit pulverizer is 
extremely high, averaging 2-4 per cent of the output of 
the boiler, but at high speeds and peak loads the figure 
inay easily be 6 per cent or over, especially when the 
pulverizer is a little worn. On the Lopulco system with 
the new vertical drier the total figure is only about 1 per 
cent. Mr. Carr-Hill (page 426) gives it as his opinion 
that a unit pulveriser takes about 3 times the power of 
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a modern pulverizer, viz. 40-60 b.h.p.per ton as against 
13-14 b.h-p., based on 70-76 per cent through a 200 
mesh. In reply to Mr. Townley (page 468) it is not 
generally agreed that pulverizing takes 20-26 kW per 
ton." As stated in the paper the Lopulco guarantee is 
194 kW : and with regard to Mr.^Pochobradsky's remark 
(page 420) that toe power consumption of toe unit 
system is less than what he. calls toe central system, I 
take toe strongest exception to his statement, without 
any figures to support it, that the unit pulverizer takes 

26 kW per ton. . , . i. 

(t) The wear and tear on unit pulverizers is apt to be 
very severe on continuous running because of toe varia¬ 
tions in sp 4 d necessary, the construction also often 
giving heavy vibration at top speed. The beaters wear 
out very quickly, giving still more inferior grinding and 
increased power consumption. . . 4 . 

(j) The mixing of the pulverized fuel and the air is not 
sufficiently intimate to ensure best results and gives 
** stratification in the combustion chamber, as men¬ 
tioned by Mr. Carr-Hill (page 426). That is to say, 
since the mixing of the air and the coal is imperfect and 
the grinding very uneven, in the combustion chamber 
the heavier particles at once fall to the bottom before 
they have time to be burnt, so that there is almost a 
series of different strata, the top being composed of the 
finest particles and the heaviest being at the bottom, the 
combustion therefore not being complete. Further, 
these large particles vary in ash content. 

{k) On long running a unit pulverizer will not work 
with only 20-26 per cent excess air owing to the defective 
grinding and mixing. 

(/) The unit system sooner or later gives trouble due 
to slagging, depending on the quality of the coal, 
especially as the size of the plant increases. This trouble 
is aggravated by tlie heavy partially-unburnt particles of 
coal falling to the bottom of the chamber, and eventually 
reduces considerably the efficiency of the plant, 

(«^) Another result of imperfect combustion is that 
the ash in the average unit plant is not completely burnt 
and cannot approach the Lopulco figure of 0 • 5 per cent 
unburnt-fuel loss. In one example of unit pulverizers 
the ash in the bottom of the furnace contained 8 per 
cent combustible, whereas in the last pass of the boiler 
the figure was 88 per cent. 

(•«) A unit pulverizer required a considerable amount 
of labour and attention, with constant skilled supervision 
of each separate pulverizer, which would be a troublesome 
matter in the case of a large station. 

( 0 ) A unit pulverizer cannot be applied to very large 
boilers. 

' ij)) A point of the highest importance is that on the 
Lopulco system boilers can be operated entirely from a 
distant psjnel sv^tchboard, the coal and air being mani¬ 
pulated by means of small levers as at the Ford plant. 
This has long been an ideal, leading to the highest 
efficiency, and is impossible both with unit pulverizers 
and "with mechanical stokers. 

{q) The net result is that a unit pulverizer will not 
give 85-86 per cent continuous efficiency on a boiler 
plant, even with small or medium-sized boilers, and, as 
already stated, no figures to the contrary are available. 
There are plenty of vague statements. Thus, Mr. Hol¬ 


lands (page 433 ) says the unit system is giving resulte 
quite as good as those obtained on any other system, 
whilst Mr. Pochobradsky (page 420) states that “ the 
performance of a unit pulverizer is in every respect 
equal to that of aflCeiitral pulverizing plant and the 
efficiency of firing is exactly the same in the two systems. 

Mr. Atkinson (page 422) says “ we have had a large 
number of boiler tests made, many of wffiich show a total 
efficiency of 86 per cent and over,” and Alderman Walker 
(page 447 ) tliinks that I could have got the same informa¬ 
tion, that is long detailed performance figures of 86-86 
per cent boiler-plant efficiency from both users and 
makers of unit and other systems. Also, Mr. Dennis 
(page 432) says that the Buell unit pulverizer wiU give 
all the Americans claim to do.” Most of these speakers 
do not give any figures and I suggest the reason is that 
such data do not exist. 

It is very obvious, therefore, that many of the advan¬ 
tages of the unit pulverizer, such as low first cost, 
convenience, small space and no drying of the coal, are 
completely offset, although of course the unit pulverizer 
is very useful for many cases, such as the adaptation of 
Dr. Lulofs (page 465), but it does not at its present 
stage of development compete seriously with the Lopulco 
or other central system on boilers of the largest size 
at 86-89 per cent continuous efficiency. 

Generat- Remarks. 

As regards Alderman Walker’s observations (page 447), 
the ansyrers to the points which he raises will be found 

in the paper. ... 

In answer to Mr. Phillips (page 462), I have no informa¬ 
tion at all with regard to Hammersmith and we are all 
waiting for the results. In this connection I should like 
to know why Mr. Hutchinson did not quote the Hammer¬ 
smith figures. 

Sir James Kemnal (page 418) makes, in addition to 
those already discussed, a number of general statements 
that are quite unwarranted. The statistics issued by 
the Electricity Commissioners do not show the fibres 
relating to steam production, and the number of private 
firms who keep such figures is very small. I suggest that 
the amount of apparatus required is much more a defect 
of mechanical stoking than of pulverized fuel, especially 
because of the ash and clinlcer problem. Also I will 
challenge Sir James Kemnal to quote a single instance 
where mechanical stoking is giving an increase in boiler 
output equal to pulverized fuel. Further, with reg^d 
to his remark that ” the autlior states also that British 
power station practice is far behind that in America,” 
this is quite unwarranted. I have said nothing of the 
kind, and the only reference iii the whole of the paper 
to a comparison between British and American engineers 
is on page 400, where I state we are behind America 
in regard to furnace volume, which is quite coirect. 
Several other speakers have raised, without any justifica¬ 
tion, the point that I have been antagonistic to British 

engineers. , - 

Finally, I did not mention that the ash varies with the 
nature of the coal, because this is obvious to everyone. 

In reply to Mr. Devey (page 433), I have not suggested 
the installation of pulverized-fuel plants and I did not 
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mention the matter in any part of the paper, nor have 
I proposed that any existing plant should be scrapped. 
I quite agree that what we require is more scientific 
control of boiler plant, and I have advocated this 
continually for over 12 years past. '' 

It is futile for several speakers such as Mr. McLaren 
(page 436) to emphasize that the Vitry guarantee is 

only 84 per cent efficiency and tlierefore to cast 
doubts on the Lakeside figure of 85-86 per cent and on 
pulverized fuel in general attaining these figures. The 
obvious answer is that the Ix)pulco guarantees are in 
many cases much higher than Lakeside, as, for example, 
88^ per cent at Trenton Channel, and 89 per cent at 
Willesden, and presumably the Lopulco people conduct 
their own business, including the extent of the guarantee, 
to suit theniselves. 

With regard to Mr. Atkinson’s point (page 422) con¬ 
cerning an article of mine in February 1922, we all 


change our opinions as experience accumulates. It is 
not very long ago that Mr. Atkinson himself was an 
enthusiastic advocate of the central system, which he 
now condemns in favour of the uijjit system. 

It is extremely interesting, as mentioned (page 426) by 
Mr. Clements, that the Park Gate Iron and Steel Co. 
should have put in the first pulverized-fuel blast-fumace- 
gas plant, as I certainly was not aware of this, whilst 
the Calumet figures given (page 426) by Mr. Duncan are 
of much value, although of course most British power 
stations have not yet installed very wide stokers. 

In reply to Mr. Jockel (page 427), I have refeired to 
Mr. Harvey’s report in various parts of the^paper, as on 
page 391 for example, and with regard to the point 
raised by Mr. Hamilton (page 431), so far as I know, 
carborundum bricks have not been tried and do not 
seem necessary in view of the efficiency of the air-cooled 
walls. 
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711th ordinary MEETING, 14 FEBRUARY, 1924. 
(Joint Meeting with the Physical Society op London.) 


Mr. C. C. Paterson, O.B.E., Vice-President, took 
the chair at 6 p.m. 

The minutes of the Ordinary Meeting of the 31st 
January, 1924, were taken as read and were confirmed 
and signed. 

Messrs. J. W. Fraser and W. FI. Nottage were ap¬ 
pointed scrutineers of the ballot for the election and 
transfer of members and, at the end of the meeting, 
the result of the ballot was declared as follows :— • 


Elections. 

Member, 
Mather, John. 


Associate Members, 


Ayengar, Tanjore Krish- 
nasami R., B.A. 
Clements, Fred. 

Cooper, Harold Cyril, B.A. 
Holman, Cecil Leonard. 
Inouye, Ikutaro. 

Linskill, Harry, 

Nicholls, Frank. 


O’Connor, Timothy Pat¬ 
rick, B.E. 

Orchard, Harold. 

Palmer, Lionel Stanley, 
M.Sc., Ph.D. 

Payne, Lintorn Simmons. 
Robinson, Wykeham , 
Amyas A. 


Wilton, Noel Valentine S. 


Ahem, Patrick Joseph. 
Aspin^l, Henry Turner, 
.B.Sc.(Eng.). 

Bennett, David. 

Beringer, Paul. 

Best, Frederic Lafargue. 
Dart, Frederick Harold. 
George, Philip Herbert F. 
Graham, Reginald Chris¬ 
topher M. 

Gray, Walter Douglas. 
Griffitli, Ronald George. 
Gupta, Karuna Kumar D. 
Hebbert, Reginald James. 
Highway, Frank Gordon, 
Lieut., R.E. 


Graduates, 


Wylie, Alexander Fleming. 


Hodge, Gilbert Woffinten. 
Holden, George Cuthbert. 
McLaughlin, Cecil James 
S. 

Nagarajan, Tirupattur 
Krishnaswami. 

Perkins, Thomas Ewart. 
Robinson, Leonard Mans¬ 
field. 

Scriven, Ernest. 

Skinner, Arthur Cyriac. 
Smith, Sydney Steele. 
Wallcroft, Frederick 
Ernest. 

Walters, George. 

Wicks, Percy, B.S^. 


Students, 


Abrahams, Hyman. 
Adams, John Ludford. 
Addis, Edwin. 

Allcock, Walter. 

Baker, Richard Noel. 
Barfoot, Rene Morison. 
Barnes, Pliilip Carrington. 


Belcher, Douglas Gordon. 
Bond, Dudley Hales T. 
Burdes, Leonard. 

Bush, George Robert S. 
Carisdale, John Henry. 
Capper, John Frederick. 
Catterall, Gerald. 
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SHulenis —continued. 


Cawte, Charles William. 
Chadwick, Leonard I|^ark. 
Christy, Geoffrey. 
Chynoweth, Frederick. 
Clark, John. 

Cox, Francis George. 

Cox, Robert ]l.eonard. 
Dalman, Frederick Nar- 
borough, B.Sc.(Eng.). 
de Bejar, AlfonsoAntonioL. 
Dixon, George Skene. 
Drury, George John S. 

Fall, James William L. 
Fletcher, Charles Bickham 
H. 

Gomes, Caxlos. 

Gregory, Maxwell Justin, 
B.A. 

Gupta, Sashanka Shekhor. 
Halford, Richard. 

Hardy, Arthur. 

Harwood, Edward Hol- 
royde. 

Hilton, Rupert Polack. 
Hoban, Hugh Charles. 
Holbeche, Edgar Charles. 
Holmes, Malcolm Graham. 
Huiiter,Herbert Leonard J. 
Hutchins, Philip Perceval 
P. 

Jackson, Frederick Samuel. 
Jones, Gilbert Louis R. 
Jose, Cyril Edwin P. 


Kaye, Joseph Blamires. 
Keene, James Kenneth. 
La^jvson, Reginald Percy. 
Lea, Jeffrey Tunstall. 
Merrie, Alexander Hardie. 
Metcalf, Herbert Eustace 
L. 

Milliken-Smith, Herbert. 
Mprley, John Lawrence. 
Musgrave, William Leslie. 
Needham, Arthur Wheel- 
don. 

Nicholson, Thomas Croft. 
Panikkar, Sankaran Nara- 
yana. 

Pank, John Cornaby. 
Powell, Reginald Alfred. 
Richardson, Harry Carr. 
Riley, Frank George M. 
Ryland, Leslie Francis. 
Sanjana, Kershasp 
Manekji. 

Simmonds, Richard 
Samuel. 

Sims, Lionel George A. 
Smith, William Horace. 
Spencer, Alfred Nicholas. 
Thorpe, Leslie Jack. 
Wilson, Ian Mackenzie. 
Woodbine, Geoffrey Pal¬ 
mer. 

Wood, Albert Gallatin, 
Yates, John Penderel. 


Transfers. 

( 

Associate Member to Member, 

Morris, Alfred Thomas. Tate, Leonard George. 
Staniar. Henry Drum- Wheeler, Roland. 

mond, Capt, R.A.F. Wood, Wflliam Wellesley. 


Graduate to Associate Member, 

Ross, Eric Graham. Ross, Thomas Wylie. 


Student to Associate Member, 

Colquhoun, James. Johns, John Percy. 

Radley, William Gordon, B.Sc.(Eng.). 


Associate to Associate Member, 
Chaster, Clifford Stilwell. 


Student to 

Cooper, Cyril Hoare. 

Davies, Tracy Rees. 
Friendship, Cyril Arthur. 
Harmsworth, Harry 
Brooke. 

Henderson, George Parker. 


Graduate, 

Hodgson, Charles Henry, 
Morgan, Hedley Edmund. 
Morrison, James Douglas. 
Payne, George Lewis. 

Sen, Ranjit Chandra. 
Swinney, John. 


The discussion on " Loud-Speakers for Wireless and 
other Purposes ** (see pages 265 and 373) was continued, 
•and the meeting terminated at 7.66 p.m. 
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A‘VECTOR TREATMENT OF LONG TRANSMISSION ^LINES.* 

By S. Holmes, Associate Member. 

(Paper first received IZth October, and in final form 22nd December, 1923.) 


Table of Contents. 

Section 

1. Introduction. 

2. S3niibols. 

3. The equations of the transmission line. 

4. Calculation for a 250-mile, 110 000-volt transmis¬ 

sion line. 

5. Calculation for constant-voltage transmission. 

6. Calculation of the circle diagram. 

7. Bibliography. 

1. Introduction. 

In teaching the elementary principles of transmission, 
the author has found that students understand better 
what is happening in the transmission lines if a vector 
method is employed, rather than the metliod involving 
the use of complex quantities. It is thought that 
perhaps this method may be useful to others who are 
studying the subject for the first time, especiaUy as 
there is little to choose between the accuracy of the 
two methods, since each has the equations of the 
transmission line as its starting-point. 

All the currents are separated into tbeir active and 




Fig. 1. —^Diagram showing the load current separated into 
its active and idle components, with their corresponding 
resistance and reactance pressure-drops. 

idle components respectively in phase and in quadrature 
with the voltage at the load or receiver end of the lines. 
Also, the impedance of the line is separated into its 
resistance and reactance components, so that when 
each is multiplied by a current the resulting voltage- 
drops in the line are respectively in phase and in 
quadrature with that current (see Fig. 1). 

2, Symbols. 

Eg = voltage at the supply end of the line. 

Ig = current at the supply end of the line. 

E ss voltage at the receiver end of the line. 

I 5= current at the receiver end of the line. 

invite written communications (with a view to 
puhhcation in the if approved by the Committee) on papers published 

jn the Jowml without being read at a meeting. Communications should reach 
the Secret^ of the Institution not later than one month after publicatioa of 
the paper to which they relate. 


Ijff = minimum idle current supplied by the synchronous 
condenser for constant-voltage trauj^mission. 

Iq = line charging current, and is obtained from the 
product of B and B, where 
= shunted line susceptance, and is'equal to ihe 
product of 27r, the frequency and the capacity 
of one line to earth.* 

= impedance of one line, and is equal to ^/(B^ -f- X^), 
where 

= resistance of one line, and 

= reactance of one line, and is equal to the product 
of 27r, the frequency and the inductance of one 
line. 

~ spacing of the conductors. 

= radius of the conductors. 


B 


R 

X 


3. The Equations of the Transmission Line. 

Owing to the distributed nature of the resistance, 
the inductance and the capacity of the lines, the current 
and the voltage equations form a converging series. 

Neglecting line leal{:age, the voltage equation is 
expressed by 

£?. = jr(i + £2^ ^ ) 

1 


2.3.4 
1 


+ 2^a + ^j52 + 


2.3.4.6 


£2.28 + .. .) 


and, by omitting all tenns beyond .3.4) as 

negligible in practice, we get 

■®» = -^(1 + ^BZ + + ZI(1 + iBZ) 

= 2 + ^BBZ + {iEBZ)iBZ + ZI + ZnBZ 
= E + ZI + Zi^EB) + Z{Z{I + 

= E + ZI + Zil^ + Z{Z(I + 

= B + Z{{I + |/,) + Z{I + p} 

The voltage at the supply end of the line is equal 
to the vector sum of:— 

(i) E, the voltage at the receiver end of the line. 

(ii) ZI, the line impedance-drop due to the load 
current I, 

(iii) Z^Ig, the line impedance-drop due to the average 
line charging current, This current is of such a 
value as would be obtained by concentrating one-half 
of the line capacity at the receivei: end of the line in 
parcel with the load, and is a qu^er-cycle ahead of 
the receiver voltage E, 

(iv) Z{Z{I 4- the line impedance-drop due 

to the increase in the charging current, Z(I -f- 
caused by the rise in voltage, Z(l + JJ^), from the 
receiver end to the supply end of the line. 

a is multiplied by JJ, it is advanced througb a quarter 
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Similarly the current equation 
J. = 1(1.+ + ^3 BZ) 

can be expressed as/- 

I,=I + lc + Z(I + ilc + ZW^B)iB 
The current at the supply end of the Une is equal 
to the vector sum of:— 

(v) I, the load current. . 

(vi) I., the total line charging current, which is ot 
snch U value as would be obtained by concentrating 
the whole of the Une capacity at the receiver end of the 
line in par^lel with the load, and is a quarter-cyc e 

ahead of the receiver voltage E, ^ 

(vii) Z{I + ih + the increase m the 

charging current due to the rise in voltage from 
receiver end to the supply end of the line. 

4. Calculation for a 260-mile, 110 000-volt 
Transmission Line. 

A three-phase transmission line 260 miles long delivers 
16 200 kW at 110 000 volts, at 80 per cent power factor 
and at 60 cycles per second, along overhead lines of 
37/0 *083 copper cable, equilaterally spaced 144 inches 

apart 

Resistance of one line. 

Diameter pi cable = 0-684 inch; cross-sectional 
area = 0-2 sq. inch. 

Resistance per mile at 60 cycles = 0-212 ohni. 
Resistance of one line, R = 0-212 X 260 = 63 ohms. 

Reactance of one line. 

Inductance per mile = 0-0806 -|- 0- 741 log (s/r) 

== 2-076 mH. ^ « 

Reactance per mile = 27r X 60 X 2-076 X 10 

= 0-662 ohm. , 

Reactance of one line, X = 0-652 X 260 = 163 o ms. 

Capacity susceptance of one line. 

Capacity per mile = 0-0388/(logs/r) = 0-01442 /i.F. 
Capacity per line = 0-01442 X 260 — 

Capacity susceptance of one line, R — 277 X 50 X 
= 1132 micromhos. 

Star voltage at receiver end of line, 

E == 110 000/V 3 = 63 520 V. 

Average line charging current. 

Line charging current, BE = 1 132 X 10*“® X 63 520 
= 72 A. 

« Average charging current, ^BE = J72 = 36 A, a 
quarter-cycle ahead of E. 


Increase in the charging current, Z(I + 

Active current in phase with R = 80 A. 

Idle current a quarter-cycle behind R = 60 - ^72 
= 42 A lagging (see Table !)• ^ i a « - 

Multiplying each of these by \B or 188 * 7 V 10 gives 
the corresponding currents a quarter-cycle in advance 
of their respective voltage-drops. 

11086 X 188-7 X 10-® = 2-1 A, a quarter-cycle 

ahead of R. - 4 .- 4 . n 

10 814 X 188-7 X 10-® = 2*0 A, in opposition to E, 

Line current, I + 

Active current = 80 - 2 = 78 A in phase with E, 

Idle current = 60 - 36 « 2-1 = 21-9 A. a quarter- 

cycle behind E (see Table 2). 

Total voltage-drop,-^! 704 V in phase with R ; 11 663 V 

a quaxter-cycle ahead of E. 

Supply voltage at full load, 

TO _ VI(63 620 H- 7 704)^ + (11 663)2} 
ic, vtio** o T ^ 22^2 ^ 11 5632) 

= 72 160 V (star). 

= 72 leOV^ = 124 900 V (delta). 

Current tU the supply end of the line, 

1 + J, + 2(1 + iJo + Z1,\,B)\B. 

Load current.—^0 A in phase with E; 60 A a quarter- 

cycle behind E, , ^ x, 

Total charging current, —72 A a quarter-cycle ahead 

oiE, , 

Increase in charging, etc,, currents, 

Z(I + \h + (see Tafcle 3). 

Multiplying by = 0-00009433 gives the corre- 

gponding currents:— . i -u j 

14 020 X 0-00009433 = 1-32 A a quarter-cycle ahead 

of E 

9 860 X 0-00009433 = 0-93 A in opposition to E. 
Active current in phase with .B = 80-0-93 
= 79*07 A. 

Idle current a quarter-cycle behind R = 60 — |72 
— 1-32 = 34-68 A (see Table 4). 

Multiplying by JR - 0-000666 gives the correspond¬ 
ing currents:— 


Load current. 

Power per line = 16 200/3 = 6 067 kW. 
Current per line at 0 - 8 power factor = 


5 067 >< 1 000 
63 620 X 0-8 

Active component in phase with R =0*8 X 100 

■ gQ 

Idle component a quarter-cycle behind B =0-6 X 100 

= 60 A. 


.8 -- 

' 9 843 X 0 - 000666 = 6 - 6 A a quarter-cycle ahead of E. 
11061 X 0-000666 = 6- 3 A in opposition to E. 

Current at the supply end of line. oa « « 

Active component in phase with i;=80-o-<» 

"idle*^component.a quarter-cycle ahead of B = 72 

"'"'Total current"^ at supply end = •v'(73-7S+17-6*) 
= 76-8 A leading by 4-2 degrees on the supply voltage 
E„ since the supply voltage and the supply current 
are ahead of the receiver voltage by the angles wFose 
respective tangents are 11 663/71 224 and 17 6/ 

6. Calculation for Constant-voltage Transmission. 

For a constant receiver pressure of 
the supply voltage is 126 000 at full load and 100 000 
at no load. In order to keep the voltage constant at 
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Table 1. 

Component of current 

Voltage-drop 

* « 

Active, 80 A .. 

Idle, 42 A (lagging). 

Resistance, 80 X S3 = 4 240 Vin phase with E 
Reactance, 42 x 163 = 6 846 V in phase with E 


Total 11 086 V in phase with E 

Active, 80 A .. 

Idle, 42 A (lagging). 

Reactance, 80 X 163 = 13 040 V J-cyde ahead of E 
Resistance, 42 x 63 = 2 226 V J-cycle behind E 


n 

Total 10 814 V J-cycle ahead of E 


Table 2. 

Component of current 

Voltage-drop 

Active, 78 A . 

Idle; 21 • 9 A (lagging). 

Resistance, 78 x 63 = 4 134 V in phase with E 
Reactance, 21 • 9 x 163 = 3 670 V in phase with E 


Total 7 704 V in phase with E 

Active, 78 A .. 

Idle, 21 • 9 A (lagging). 

Reactance, 78 x 163 = 12 714 V J-cycle ahead of E 
Resistance, 21-9 x 63 = 1161 V J-cycle behind E 


Total 11 663 V J-cycle ahead of E 


Table 3. 


Component of current 

^ Voltage-drop 

Active, 80 A .. 

Idle, 60 A (lagging). 

Resistance, 80 X 63 = 4 240 V in phase with E 
Reactance, 60 X 163 = 9 780 V in phase with E 


Total 14 020 V in phase with E 

Active, 80 A. 

Idle, 60 A (lagging) .. 

Reacte.nce, 80 X 163 = 13 040 V J-cycle ahead of E 
Resistance, 60 X 63 = 3 180 V J-cycle behind E 


Total 9 860 V J-cycle ahead of E 


Table 4:. 


Component of current 

Voltage-drop 

Active, 79*07 A . 

Resistance, 79*07 x 63 — 4 190 V in phase with E , 

Idle, 34*68 A (lagging) 

Reactance, 34* 68 x 163 = 6 663 V in phase with E 


Total 9 843 V in phase with E 

• 

Active, 79*07 A . 

Reactance, 79*07 x 163 = 12 890 V J-cycle ahead of E 

Idle, 34*68 A (lagging) 

Resistance, 34 * 68 X 63 = 1 839 V J-cycle behind E 


Total 11 061 V J-cycle ahead of E 
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both ends of the line under all conditions of load, 
synchronous condensers are placed in parallel with the 
load at the receiver end of the line. The capacity of 
the synchronous plant is a minimum when it supplies 
the same current {Ij/; both at no load and at full load. 
The current (/jy) is a quarter-cycle behind the receiver 
voltage at no load and a quarter-cycle ahead of it at 
full load. 

(а) A if no load. 

Idle current = I 36, a quarter-cycle behind JE7. 
Increase in the charging current^ 

Idle current « J72 « — 18, a quarter-cycle 

behind 

Resistance drop = 631^ — 954, a quarter-cycle be¬ 
hind JS?. 

Reactance drop = 163/^ — 2 934, in phase with E. 
Multiplying by 0-0001887 gives the corre¬ 

sponding currents:— 

(63/^ - 954) X 0*0001887 = (0-01/^ - 0-18) A in 
phase with E, 

(1632j^ 2 934) X 0-0001887 = (0-03Jjy - 0-55) A, a 

quarter-cycle ahead of E. 

Line currents :— 

Active current in phase with E = (0- OU^^- — 0-18), 
Idle current a quarter-cycle behind E 

« - 36 -- (0.03/j^ - 0-56) = 0-97Jjy - 35-46 

(see Table 6) 

= (63 520 -h 168 5 790)2 + (49 • 8/jy - 1 860)2 

= (67 730 + 168-6Ij^) 2 + (49-8Ij^ - 1860)2 

(б) At full load. 

Active current in phase with = 80 A. 

Idle current a quarter-cycle ahead of E 

«(I^ + i72 - 60) =.(7^-24) 

Decrease in the charging current, 

Z[I 7^ + 

Active current in phase with jB = 80 A. 

Idle current a quarter-cycle ahead of E 

= 7y + i72 - 60 = (Ij, - 42) ^see Table 6) • 

Multiplying by = 0*0001887 gives the corre¬ 
sponding currents:— 

(1637^ - 11086) X 0-0001887 = (0-O37n - 2-1) A a 
quarter-cycle behind E. 

-h 10 814) X 0-0001887 (0- 017^ + 2) A in op- 

position to E. 

Line currents at full load, 

J + + JJ, + Z(I + I, + 

Activs = 80-(0-0Ujr + 2) = (78 - O-Ollj^) in phase 
with E. 

Idle = /y-24- (0-037j,- 2-1) = (Q-97Iy- 21-9) 
a quarter-cycle ahead of E (see Table 7). , 

={63 620 - (168- 67,- 7 704)}2 + (49-87, + 11 663)2 
= (71 224 - 168-67,)Z + (49-87, + 11 663)2 


Since the supply voltage is the same both at no load 
and at full load, by equating the two equations we get:— 
(71 224 - 158-67;^)2 + (49-87y -f 11 663)2 

= (67 730 + 168-67,)2 + (497, - 1 860)2 
and, on re-arrangiifg, 

(49-87, + 11 663)2 _ (49-87,- 1 860)2 

= (57 730 + 168-67,)2 - (71 224 - 168-67,)2 



Fig. 2. 


Since the difference of two squares is the product of 
the sum and of the difference of the two numbers form¬ 
ing the squares, we get:— 

13 403(99-67j^ -h 9 703) = 128 964(3177^^ - 13 494) 

1^33 X WIjT -h 13 X 107 = 41 X 10»7y - 174x 107 
^ 39-677j^« 1870 

7j, = 47A 

The line corrective kVA = 3 x 47 x 63 620/1 000 
= 8 960, a quarter-cycle behind E at no load ^and a 
quarter-cycle ahead of E at full load. 

Voltage at supply end of line, «= 66 260 V (star) 
= 113 000 V (delta). 
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6. Calculation of the Circle Diagram (see Fig. 2). 
= 66 260; Jg? = 63 620. 

Active component of charging current at no load in 
phase with .© = — 0* 18 = 0*29 A. 

Idle component of charging current at no load a 
quarter-cycle behind E 

= 36 + (0*03/jr - 0*55) = 36-9 A (from Section 6). 


Solving, we get:— 

29 380.A2 -I- 67 520 x WA -f 29 380Q2 

- 185 500 X l(fiQ = 94 600 X 10* 

A ^ + 230.4 + $2 ^ e32Q =*32 270 
(A + 116)2 + (Q — 316)2 = 32 270+1162+3162 
= (381)2 


Table 5. 

Component of current 

Voltage-drop 

Active, (0*017jp- — 0*18) A .. 

1*1 

Resistance, 0 • 63/j, — 10 V in phase with E 

Idle (lagging), (0-97Jj, — 36-46) A .. 

Reactance, 158 • Oljf — 5 780 V in phase with E 


Total 168 • — 6 790 V in phase with E 

Active, (0*01 Jjy — 0-18) A .. 

Reactance, 1-631^— 29 V J-cycle ahead of .S 

Idle (lagging), (0-97Ij, — 35-46) A .. 

Resistance, 61-4/^, — 1 879 V |-cycle behind E 


Total 49 • 8/j, - 1 860 V J-cycle behind E 

Table 6. 

Component of current 

Voltage-drop 

Active, 80 A .. 

Resistance, 80 x 63 = 4 240 V in phase with E 

Idle (leading), (Jj^ — 42) A. 

Reactance, 163(/27’ — 42) s= 163J^ — 6 846 V in opposition to E 

• 

Total 163 / 2 ^ — 11 086 V in opposition to E 

Active, 80 A .. 

Reactance, 80 X 163 13 040 V J-cycle ahead of E 

Idle (leading), — 42) A. 

Resistance, 63(/jy — 42) = 53Jj, — 2 226 V J-cyde ahead of E 


Total ^Zljsf + 10 814 V J-cycle ahead of E 


Table 7. 


Component of cunent 

Voltage-drop 

Active, (78 - O-OlJj,) A 

Idle (leading), (0-67J;, — 21-9) A .. 

Resistance, 

Reactance, 

4 134 — 0* 63Ij^ V in phase with E 

ISS/j^ — 3 670 V in opposition to E 


Total 

158* 6 / 27 ^ — 7 704 V in opposition to E 

Active, (78 - O-OIJ,,) A 

Idle (leading), (0-97/^ — 21-9) A .. 

Reactance, 

Resistance, 

12 714 — 1 • 63Jj^ V J-cycle ahead of E 
61*4Ijy — 1161 V J-cycle ahead of E 


Total 

11 663 + 49* 8 J 27 V J-cycle ahead of E 


Let A be the active current in the line at the receiver 
end in phase with B, and 
Q be the idle current in the line at the receiver 
end a J-cycle ahead' of E, 

66 2502 = {63 520 + 63(-4 0*29) - 163(Q + 36-9)}2 

+ {163(.A + 0-29) -H 63(Q + 36*9)}2 

= (67 620 + 63A i63Q)2 + (1634 + 63Q + 2 000)2 


This is the equation to a circle whose centre is at 
a point the ordinates of which are — 115 and 316 amperes 
and whose radius is 381 amperes. 

Multiplying each by (3 X 63 620)/l 000 gives the 
circle showing the relation between the kilowatts and 
the corrective idle kilovolt-amperes required by the 
line for constant-voltage transmission. 

The synchronous plant at the receiver end of the 
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line has to supply corrective idle kilovolt-amperes to 
the load as well as to the line. • By drawing in the 
load-current line at its correct angle of lag, the curve 
connecting the load in kilowatts and the idle kilovolt¬ 
amperes of the syncnronous plant is obtained, and is 
found to be an ellipse. 
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DISCUSSION ON 

"AN INVESTIGATION OF THE FRICTION BETWEEN SLIDING SURFACES.” * 


Mr. O. R. Randall {communicated) : On page 161, 
while dealing with the resistance of a system containing 
a semi-conductor, the author states : As far as we 
are aware no attempt has been made to distinguish 
between body and contact resistance.*' Experiments 
carried out at Birmingham University have been success¬ 
ful in separating contact resistance from the other 
factors involved in the problem. It was found during 
the course of the work that, in order to determine the 
part played by the contact, it was necessary to consider 
all the following quantities : (a) The resistance of the 
stone up to a plane very near the contact; {b) the 
resistance of the tliin layer of stone near the contact; 
(c) the capacity across the contact; and (d) the resistance 
of the leak across the capacity. It will be seen that the 
resistance of the contact can mean either the true 
resistance across the interface between the conducting 
surfaces, or the resistance of this region added to the 
resistance of the adjacent layer of stone. The separation 
of these two resistances without introducing capacity 
was very dif&cult, as it was found that they varied 
together, and under most test conditions none of the 
quantities mentioned in (a), (6), {c) and {d) above is 
constant. The method used to separate the resistance 
of the body of the stone, not including the layer very, 
near the contact, from the resistances (6) and (d) added 
together, was as follows r A group of similar contacts 
was placed af each end of a large slab of stone, and 
while a unit contact was left connected to one pole of 
the supply, at the other end the contacts in parallqj 
were gradually increased, the current meanwhile being 
kept constant until, on further increasing the area, 
there was no change in the current. When this condi¬ 
tion was reached the total voltage decrement needed to 
maintain constant current measured the initial resis¬ 
tance-drop across the unit contact, which the process 
had elinunated. A great many tests were carried out 
with various modifications of this general plan, and the 
results clearly showed that the resistance of the body 
of the stone, together with any back E.M.F., was in 
general only 2 or 3 per cent of the whole resistance of 
the system. An interesting result of these tests was 
that it was shown tliat the total contact drop [including 
(b) and (d) above] was not the same for the two ends of 
the system, the contact connected to the negative end 
of the supply always showing a larger voltage drop 
than the contact connected to the positive end. Repre¬ 
sentative figures are given below showing the values 
found in two tests :— 

Test A. 

Current s= 0*27 micro-amperes. 

Voltage across positive contact and adjacent layer of 
stone = 9-7 volts. 

Voltage across negative contact and adjacent layer of 
stone =16*2 volts. 

Back E.M.F. plus the resistance in tlie body of the 
stone =1-6 volts. 

• Paper by Dr. H. M, Barlow (see page 183). 


Test B. 

Current = 0*18 micro-amperes. 

Voltage, positive, as above = 6*9 volts. 

Voltage, negative, as above = 11*0 volts. 

Voltage in body of stone and back E.M.F. = 1*1 volts. 

In the above experiments, as in all those dealt witli 
ill this contribution, the contacts were formed by tinfoil 
on lithographic stone. The results of thes£* tests were 
important in connection with the experiments carried 
out to separate the quantities mentioned in (a), (6), (c) 
and (d) above, since they showed that by making one 
contact large compared with the other, its effect would 
be correspondingly small. Using this principle a circuit 
was arranged in which one of the contacts was so much 
larger than the other that all the voltage of the system 
could be assumed to be distributed over the region of 
the smaller contact. This small contact was treated 
as a condenser in s^es with a high resistance (the layer 
of stone near the contact) and shunted by another 
I high resistance (the true resistance across the interface). 
These tests were more difficult to analyse than the last, 
because it was necessary to introduce time as another 
variable, and there were progressive changes in the 
value of the quantities being measured. Consistent 
results were obtained, however, and the results of a 
representative test are as follows :— 

Resistance of layer of stone near contact =196 
megohms. 

Resistance across contact = 98 megohms. 

Capacity =1*4 microfarads. 

Area of contact = 2 cm®. 

In connection with the resistance of the stone itself, 
experiments have been carried out using a prism of litho¬ 
graphic stone machined to a uniform section and long 
compared with its width and depth. At the ends large 
contacts were placed, and bands of tinfoil were fibced 
round the middle part, separated by a known distance ; 
tliese test-contacts were connected to a standard con¬ 
denser, which was charged over a length of time found 
by experiment to be long enough to eliminate the effect 
of the contact resistance at the test or charging contacts. 
The condenser could be discharged through a ballistic 
galvanometer, and so the potential difference between 
the test-contacts could be determined. A knowledge 
of the current in the circuit then gave the value of the 
resistance between the test-contacts. This apparatus 
gave very consistent results, and by its means the 
effects of temperature and moisture were inv&tigated. 
The result of temperature-changes was very interest¬ 
ing : the tests showed that the specimen had a resist¬ 
ance/temperature rate of change equal to 2 megohms 
per degree C. between the limits of temperature reached 
in the tests. This was about 6 per cent of the average 
initial resistance, and indicates that the material would 
have quite a low resistance if the temperature were 
raised through a range easily realized in a laboratory 
(the tests are not yet completed). It should be noted 
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that this does not mean that the resistance of the set 
as a whole is reduced to this extent, since the contact 
resistance gives the character to the whole set. 

The autiior states on page 151; By testing vanous 
thicknesses of a pai^ucular sample of semi-conductor, 
the body and contact resistance are easily separated. 

My experience makes me doubt the reliabUity of the 
method,proposed, as it has been found that small 
variations in contact conditions are sufficient to mask 
. tiie changes in resistance which it is intended to estimate. 
The method was tried during the preliminary tests, 
and it was given up because of the objection stated. 
In several c'places the author mentions the efEect of 
wetting the contact, and yet he washed the samples of 
lithographic stone before using them. During the course 
of the experiments described above it has been found 
that the efEect of wetting a stone, or even of ma^g the 
air in the room very wet, was gradually to alter the 
retistance of the stone, and that the change sometimes 
to>k place over several days. In view of these observa¬ 
tions,. it seems doubtful if one hour's drying after 
washing would result in uniform initial conditions. 

Dr* H. M. Barlow {in reply ): The experiments 
carried out by Mr. RandaU are very interesting and, 
although I cannot agree with him in the procedure 
he has adopted, it is satisfactory to observe tiiat he 
has arrived at the same general result as I did, namely, 
that the elective body resistance of lithographic stone 
is only a small part of the total resistance between the 
electrodes. In the first place it seems to me that to 
treat the thin layer of stone near the contact as a separate 
entity is simply to introduce unnecessary complications. 
There is no reason to suppose that the surface layer of 
the stone differs in constitution from the intenial layers, 
or that there is any discontinuity between these layers. 
It is true that the bounding surface will be pitted and 
thus have an irregular contour, but it is largely in 
virtue of these irregularities that the contact acts as a 
cxmdenser. It would appear, therefore, that the toe 
contact resistance is simply in parallel with the interface 
capacity, and the hypothetical series resistance is really 
a part of the body resistance of the stone. The descrip- 
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tion of the experiments with the unit contacts is rather 
difficult to follow, but, as I understand it, the number of 
parallel contacts at one pole is gradually increased until 
the resistance of this connection is relative^ negligible. 

• Then the total amcnmt by which the applied potential 
difference has been reduced to maintain a constant 
current is equal to the product of this current and the 
resistance of the unit contact. In my view the accuracy 
of this deduction depends entirely on the unit contacts 
having the same resistance. Mr. Randall pomts out 
that my experiments with various thicknesses of semi¬ 
conductor are inclined to give misleading r^ults on 
account of variations in the contact conditions. He 
states that he abandoned this method on account of 
these difficulties, but it appears to me that his tots with 
the unit contacts suffer from precisely the same objection, 
which would be specially marked with the tinfoil elec¬ 
trodes employed. Moreover, apparently no allowance 
is made for the necessary variations in the distance 
between the two poles, the influence of the capacity of 
the contacts, and the gradually increasing back E-M.!*. 
due to absorption. My experiments m this direction 
show that a long time is required to establish steady 
conditions even with a small contact. ^ . i 

The method employed for determining the internm 
resistance of the stone is distinctly ingenious and is 
independent of the nature of the contact. I cannot, 
however, agree with Mr. Randall that the surface layer 
of stone is not included in these measurements. Since 
the current only flows longitudinally when the steady 
state is reached, it must distribute itself over the whole 
cross-section of the prism. Theoretically, an mfinto 
time is required to reach the final condition when the 
P D across the standard condenser should be measured, 
but I have no doubt that reasonable accuracy can be 
obtained in practice after a few hours' charging. It 
appears difficult to calculate the specific resistance of 
the material from the data obtained. The back E.M.F. 
due to absorption and surface leakage must also he 
involved in these measurements. When further details 
of Mr, Randah's work are available, I shall welcome an 
opportunity of a more detailed dticussion* 
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Mascart Medal.* 

The Soci6t6 Fran9aise des Electriciens have founded 
a Medal of Honour to be called the Mascart Medal, in 
memory of that eminent French scientist, the Medal 
to be awarded triennially to scientists or engineers of 
any nationality distinguished for their work in pure 
and applied electricity. The first (1924) award of the 
Medal has been made to Monsieur A. Blondel, an 
Honorary Member of the Institution. 

War Thanksgiving Education and Research Fund 
(No. 1). 

The grant for 1924 in connection with the above 
Fund has been made by the Council to Mr. Alexander 
Ramsay, of Glasgow University. 

Portrait of the late Mr. Willoughby Smith. 

Mr. W. O. Smith and Mr. W. S. Smith, Members, have 
presented to the Institution an oil painting of the late 
Mr. Willoughby Smith, who was President of the 
Institution in 1883. 

Associate Membership Examination Results : 

February, 1924, 

Officers of the Royal Corps of Signals. 

Passed. 

Anthony, Lieut. H. H, (17th Pack Battery, R.G.A.). 

Childs, Lieut. C. (R.F.A.). 

Glover, Lieut. H. P. McC. (R.F.A.). 

Harris, Lieut. E. H. C. (Roval Sussex Regt.). 

Hart, Lieut, H. P. (R.F.A.). 

Herdon, Lieut. W. F. (1/13 F.F. Rifles, I.A.). 

Higgs, Capt. R. M! (4th Rajputs, I.A.). 

Jones, Capt. G. F. [18th (K.E.O.) Cavalry, f.A.]. 

Loftus-Totteuham, Capt. F. J. {2/2nd Gurkha Rifles, 

I.A.). 

Malden, Capt. C. M. (6/13th F.F. Rifles, I.A.). 

Moreton, Capt. E. A. (3rd Battn. 17th Dogra Regi*. 

ment, I.A.). 

MuUigan, Lieut. A. D. (K.O.Y.L.I.). 

Nicholis, Lieut. L. B. (R.A.S.C.). 

Rogers, Lieut. W. H. G. (R.F.A.). 

Solly, Lieut. R. *J. N. (Yorks, and Lancs. Regt.). 

Thtirsby-Pelham, M.C., Lieut. C. K. (King*s Own 

Scottish Bdrs.). 

Watson, Lieut. L. R. C. (Northumberland Fusiliers). 

Informal Meetings, 

The following Informal Meetings have been held 

48th Informal Meeting (7th January, 1924). 

Chairman : Dr. H. M. Barlow. 

Svbjeci of Dismssion: Tioubles experienced with | 
Domestic Electrical Appliances " (introduced by Mr. i 
J. W. Beauchamp). 


Speakers : Messrs. A.^F. Harmer, M. Pulverniacher, 
A. W. Blake, W. P. Fanghanel. F. Selley, M. Napier 
Prentice, E. E. Sharp, W. L. Wreford, E. W. Lovell, 
W. Betts, R. Grierson, F. J. E. Nesbitt, and C. E. 
Charman. 

49xh Informal Meeting (21st January, 1924). 

Chairman : Mr. R. Grierson. 

Subject of Discussion : " Broadcasting ^introduced 
by Mr. E. H. Shaughnessy, O.B.E.). 

Speakers : Messrs. G. F. Bedford, C. F. Phillips, W. H. 
Lawes, H. J. Neill, P, Voigt, J. Coxon, W. E. Warrilow, 
W. Day, E. G. Bedford, J. R. Bedford, E. S. Ritter, 
and R. Grierson, 

50th Informal Meeting (4th February, 1924). 

Chairman : Mr. A. F. Harmer. 

Subject of Discussion : Storage Battery Troubles '' 
(introduced by Mr. F. W. Crawter). 

Speakers : Messrs. W. R. Rawlings, J. W. Beck, J. R. 
Bedford, F. C. Raphael, A. G. Hilling, K. L. Wood, 
R. V. Hook, F, A. Sclater, W'. A. Ritchie, W. R. Coojier, 
and A. F. Harmer. 

61ST Informal Meeting (18th February, 1024). 

Chairman : Mr. F. Gill. 

Subject of ^Discussion : ** Electrical Development in 
France ” (introduced by Mr. E. M. Malek). 

Speakers : Colonel T. Rich, Messrs. G. L. Addenbrooke, 
W. E. Rogers, A. C. Sparl^s, W^. J. Minton, A. G. Ililling, 
J. Coxon, A. W. Berry, S. W. Melsomi, R. A. MacMahon, 
R. V. Hook, R. Grierson, and A. R. RendalL 

52nd Informal Meeting (3rd March, 1924). 

Chairman : Mr. E. F. Hetherington. 

Subject of Discussion : ** The Selection and Location 
of Converting Plant for Supplying D.C. Networlcs " 
(introduced by Mr. R. D. Spiirr). 

Speakers : Messrs. W. E. Rogers, H. Craskc, A. F. 
Harmer, C. M. Mayson, E. F. Hetherington, A. G. Hilling, 
R. V. Hook, A. H. E. Tomkinson, and R. Grierson. 

53rd Informal Meeting (10th March, 1924). 

Chairman : Mr. A. G. Hilling. 

Su^bject of Discussion : '* The Work of the International 
Conference on E.H.T. Lines held in Paris, November 
1923 (introduced by Mr. J. Tribot Laspi^re). 

Speakers : Messrs. R. Borlase Matthews, • W. K. 
Rogers, P. V. Hunter, C.B.E., A. Jacob, E. H. Rayner, 
J. Coxon, Prof. C. L. Fortescue, Messrs. K, Edgeumbe, 
P. Dunsheatli, O.B.E., and P. Good. 

64th Informal Meeting (17th March, 1924). 

Chairman : Mr. A. F. Harmer. 

Subject of Discussion : Illuminating Engineering, 
its Application and Value to the Electrical Industry'' 
(introduced by Messrs. L. Gaster and J. S. Dow), 
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Speakers : Messrs. J. Eck, P. Good, W- E. Bush, 
W. Day, A. Cunnington, W. P. Fanghanel, J. Coxon, 
P. Dunsheath, O.B.E., J. R. Bedford, and E. W. H. 
Wilson. 

66th Informal Sieeting (31st March, 1924). 
Chairman : Mr. F. Pooley. 

Subject of Discussion “Economics in Engineering 
(introduced bv IVlr. F. Gill). 

Speakers : Messrs. D. J. Bolton, W. E. Rogers, W. 
Day, B. O. Anson, S. W^ Pook, P. Dunsheath, O.B.E., 
L.. M. Jockel, P. Good, H. M. Sayers, E. S. Byng, F. 
Tremain, and H. Brown. 

66th Informal Meeting (14th April, 1924). 
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S&ME RESEARCHES ON THE SAFE USE OF ELECTRICITY IN 
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Summary. 

The limiting electrical conditions under which ignition 
of coal dust and firedamp may occur have been worked at 
in the author's laboratory for the past 14 years, as part 
of a general investigation of the mechanism of ignition of 
gases. The paper contains an account of some results of 
practical interest, and deals with the electrical ignition 
of coal dust alone, coal dust with gas present, of methane 
and associated gases by disruptive sparks, steady or impul¬ 
sive, transient arcs, direct or alternating, with varied voltage 
and frequency, in all percentages of mixture with air. 
Examples are given of the application of the results to 
promote safety in mines, notably the influence of currents 
of higher frequency than usual, of safety bells, safety lamps 
which give an alarm signal when dangerous mixtures of 
gas occur, and an improved earthing plate. 
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(1) Introduction. 

Electricity is the perfect medium for conveying 
energy underground. Its advantages are clear to all, 
but, like other systems, it has limits. There is the 
possibihty of leakage, from which in the old days shocks 
were not uncommon, and there is the electric spark. 
It used to be held that every visible spark would fixe 
an explosive gaseous mixture. One of the objects of 
the papet is to show how far this is from the truth and 
to define the limits within which the safe use of electricity 
is possible for the various purposes of mining. The 
researches of which a brief account is now given were 
started after the West Stanley, Hulton and Senghenydd 
Collie^ explosions, to find an answer to the many 
qu^tions more or less directly raised as to the risk of 
ignition from electrical causes. At that time a vague 
unrest was felt about the working conditions of electricity 


in mines, but little or nothing was known of Ihe influence 
of the various factors in the problem, of voltage, 
frequency, metal of poles, gas pre^ure, capacity, in¬ 
ductance, and frequency. Considering the immense 
importance of the issues involved and tiie necessity for 
precise knowledge, it seemed worth while to ehter on 
the laborious task of determining the critical limits in 
each, of the above cases. Every engineer knows that 
only by accurate measurement of the breakdown values 
of tlie materials that he uses can safety be ensured. 
In the present work the breaking point is the current 
or voltage which just causes ignition, other factors being 
systematically varied or kept constant. The alternative 
to such investigation is to wait for the event, hold an 
Inquiry and act upon the finding. The cost in life 
and material of such a method is high and, so far as 
electricity is concerned, need never be paid if the human 
element of carelessness could be for ever removed, for 
to each possibility of electrical risk there is a simple 
and effective preventive. 

The inflammable part of pit gas in this country is 
methane (CH 4 ), the lowest and most inert of the parafi&n 
series of compounds. It is to this inertness that coal¬ 
mining owes the greater part of its immunity from 
explosions. Most of the accidents in mines are mechani¬ 
cal in origin, aihd are due to the poor illumination on 
haulages, or to the difficulty of keeping earth movements 
under continual observation. Safety in coal inines, 
now and in the future, depends on efficient ventilation 
(already excellent), the elimination of all sources of 
flame or open sparking, the improvement of underground 
illumination, not so much at the face as along the roads, 
and on the training into habits of constant observation 
and carefulness of those upon whom the getting of coal 
depends. 

The growth of the use of electricity in mining followed 
closely that in other forms of industry, but, when it is 
considered that only 11 per cent of the coal raised in 
England and Wales is cut by electrical machines, there < 
is room for expansion. Scotland alone cuts 36 per cent 
mechanically; but it is in electrical haujage that 
development is likely to be greatest. The electrical 
age in mining began in the early eighties, and it may be 
noted that in the Report of the Prussian Firedamp 
Commission * of 1881, made in 1887, there were no cases 
on record of accident from the use of electricity.* Of 
tlie total number of explosions, 66-8 per cent were 
due to naked lights, and 14*6 to shot-firing. This 
Report is noteworthy for the section, 66, on Ignition by 
Electric Sparks, by Professors WfiUner and Lehmann, 

* Translated by Professor P. Phillips Bedson. 
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of Aachen, which was really an inquiry preliminary to 
using electricity on a large scale underground. Their 
experiments did not go very far but established several 
interesting facts. Long sparks from an electrophorus 
would not fire pit §as, nor would bright condenser 
discharges. Certain least igniting currents are given, 
18 amperes in one case, but voltage is not mentioned. 
Mallard and Le ChateUer had previously investigated 
ignition by hot wires, and had given many instances 
of the failure of ignition by wires at temperatures 
approaching the melting point of silver, which were 
confirrned and extended by Wiillner and Lehmann. 
In 1904 s: British Departmental Committee was 
appointed by the Home Office and special rules * were 
formulated as a result of the evidence, but the rapid 
introduction of electricity into coal mines from 1895 
onward, and the not altogetlier satisfactory manner* of 
its installation, gave rise to a further committee in 1910 
to investigate the working of the special rules. The 
Report t (3) of this latter committee and the rules as 
modified by it may be regarded as the Reform Bill of 
electricity in mining so far as British practice is con¬ 
cerned. Open sparldng of any kind is prohibited, 
flame-proof gear specified, and armouring and its earthing 
insisted upon. In effect, electricity was put on a level 
with naked lights and was not to be used when more 
than Ij per cent of gas was present. Everything was 
considered but signalling bells, whose sparks were not 
regarded as being dangerous. They soon after received 
attention. 

Three great colliery disasters occurring at short 
intervals, i.e. West Stanley (Durham) in 1909, Hulton 
(Lancashire) in 1910, and Senghenydd (South Wales) 
in 1913, the last with a death-roll of 439 (the greatest 
on record), each directed attention during the Inquiry 
to possible weaknesses in the electrical equipment of 
collieries, which have now been rectified. The specifi¬ 
cation of flame-proof apparatus with wide metal-to- 
metal flanges and bushes, covers the first two cases, 
and the provision of signalling bells the spark of which 
is made inert in various ways is enforced by the third, 
of which a sparking bell was the suspected cause.J 

(2) Inflammable Gas and Dust. . 

All but a few colliery explosions have begun by 
ignition of gas. With modern ventilation, gas cannot 
collect in mixtures rich enough to transmit a continuous 
explosion throughout the workings. Local ignitions may 
result in nothing more than a burst of flame, burning 
those in contact with it. In an enclosed space the 
pressure may rise to about eight atmospheres, but if 
the plac§ opens into a road with larger volume not 
full of gas the pressure-rise is not so great; there must 
be constraint for pressure to develop. If, however, 
there is coal dust thrown down from the roof and 
ledges by the sound or pressure wave of such a local 
explosion, quickly enough to be caught in the first 

* ReTOrt oi the Departmental 
Mines ” 11904]. Evidence and Inc 

t Report of the Departmental 
^cial rules for the use of electndt^ 
as revised by the Committee and a 1 
use of elecnicity in coal mines ^9xjij, 

t Report of the Inquiry into (he Senghenydd Colliery explosion [1918]. 


Committee on **Tbe Use of Electricity in 
lex separate. 

Committee on the working of the existing 
7 in mines, with appendixes giving the rules 
ist of fatal accidents (1905*1910) due to the 


rush of flame, there is probability of transition to the 
much more dangerous form of explosion of coal dust 
alone. This dust is present everywhere- through the 
workings and^ all tlie great disasters have been dust 
explosions, ignited iif most cases by a small gas explosion. 
First proved by Professor W. Galloway * in 1884, it 
is only within the past 20 years that this has received 
full recognition, and even now large-scale coal-dust 
explosions are arranged at Eskmeals from time to time 
by the Mines Department to convince possible doubters. 

Methane is inflammable between 6*6 and 14*8 per 
cent in air.f In mixtures both weaker and richer 
than these there may be burning around the source of 
ignition, but there is no sustained explosion wave or 
marked rise of pressure. In the case of coal dust there 
is a wide variation in tlie mass of dust required to 
transmit an explosion, but the cloud must always be 
dense. It depends in the first place on the -fineness 
of the dust and on the ratio of the combustible to the 
non-combustible components. If 60 per cent of stone 
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Fig. 1.—^Least currents for ignition of coal dust, by 
transient arcs. 


dust is added it usually, though not with every 
kind of coal dust, prevents the transmission of flame. 
With any dense cloud of dust the presence of 2 per cent 
of gas makes a coal-dust explosion inevitable.]: This 
is the real danger in coal mining; dust with a little 
gas forms a most dangerous mixture and for this reason 
haulage is not permitted in return air-ways where the 
combination is likely to occur. The rise of inflamma¬ 
bility is regular from zero to the maximum, as shown 
in Table 1. 

Coal dust can be ignited without the presence of 
gas by blown-out shots and by electric flashes, provided 
that there is a dense cloud formed before the arc is 
struck. Heise and Theim stated § that single electric 
arcs could not fire coal dust, but this is not the case. 


• W. Galloway j “On the Influence of Coal-dust in Colliery Explosions,” 
Proceedings of the Royal Society^ 1884, vol. 87, p. 42. , . „ . 

t R. V. Wheeler ; “ The Uniform Movement of Flames m Mcthane-Air 
Mixtures,'* Journal of the Chemical Society^ 19X4, vol. 105, p. 2608. 

t W. M. ikoRNTON; “The Influence of the Presence of Gm on the In¬ 
flammability of Coal Dust in Air." Paper read before the British Association, 
1918 j also see CoUiery’ Guardian, 19th September, 1918. ^ ‘ ^ 

§ F, Heise and Dr. Thbxh: “Vorsuche hetreffend die EntstodUdikeit 
von Schlagwettergemischen und Kohlenstoftwirkungen dorch die Wirkungen 
der Electiicit&t," GlUckauf, 1898, vol. 34, pp. 1, 25 and 45. 
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The limits* given in Fig. 1 are quite clearly marked and 
show that such. an ignition is' well within possibility, 
though the risk is remote in modem practice. It will 
be observed that ignition by alternating-current arcs is 

Table 1. 

DiyecUcuyyent Non-‘induciive CiyciHt : 4S0 volts^ 

3*5 crnipeves. 


Percentage of methane 
in air, by volume 

Percentage of full 
dust explosions 

0-0 

7-0 

0-26 

10-0 

0*60 

17-0 

0*76 

31*0 

1-0 

63*0 

1-26 . 

75-0 

1*50 

97-0 


more difficult than by direct-current arcs. At 1 000 
volts they are much the same on account of the longer 
arcs at break. 

(3) Ignition by Electrostatic Discharge and 
Friction. 

Ignition of coal dust by single condenser discharge 
sparks has not so far been obtained ; nor does it appear 
probable, for the progress of dust ignition is by a process 
of disintegration and combustion under the influence 
of heat and for* this a longer time is necessary than the 
duration of a condenser discharge. It becomes, then, 
a question of how firedamp can be ignited by such a 
spark, for there are many conditions of mining which* 
give rise to static discharge in dry atmospheres. Belts, 
especially those of rubber composition, when rapidly 
strained and released are subject to this form of electri¬ 
fication, but I have never succeeded in lighting a stream 
of gas by the long, thin sparks from such a belt. Another 
very active source of electrification is the formation of 
dust clouds. Rudge f has shown the potential induced 
by this to reach thousands of volts, but the surfaces 
electrified by friction and separation are too small 
for united discharge to occur in the dust, and only on* 
the colossal scale of dust storms in nature is there suffi¬ 
cient electrification of neighbouring conductors such as 
clouds to permit spark discharge. Rudge has not 
succeeded in causing ignition of gas in this way, but it 
is conceivable that the intense electrification always 
present in a sudden dust cloud may help the transmission 
of flame, though experiments that I have made show 
that an external electric field has no measurable 
influence on a gas explosion. 

A phenomenon of regular occurrence which I was 
once asked to investigate is the production of long, 
powerful, sparks at the nozzle of an hydraulic jet filling 
cement gprout into stone packing. This is an example 
ext electrification produced by splashing similar to that 

♦ ^ I^ORNTON and E. Bowdbk : " Th o£ Coal lav 

IftsiUution of Mining Engineers, 


riml* A# I’roduced daring Use Raising of n 

Ooiidl of Dnst, Preee^mgs of the Rayat Society, 1814, scr. A, yoLflHoJp, 268. 
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of waterfalls and weaves, and can be observed by direct¬ 
ing a powerful jet of water alone against a surface 
at short range in the dark. A luminous blue disc will 
be seen where the jet strikes. 

A common instance is the luniintuis patcli where the 
condenser circulating water outllow of a .ship strikes 
the sea. In tlie mining case the electrification produced 
is conducted back through the liquid to the nozzle 
and the spiral wire support of the rubber feeding tube, 
and, although gloves are provided, sparks of several 
inches in length have been known to pass to the body of 
the worker, with very unpleasant though not dangerous 
shock. The remedy is to ecu’th the wiring oC4hc supply 
pipe. In this case also it is unlikely that ignition of 
firedamp would occur. The activity per unii Icvfiih 
of the spark is insufficient to start self-ignition of the 
gas. 

The so-called sparks given off at a grindstone arc 
particles of incandescent iron and silica. In spite of 
their fiery appearance they are singularly inert, but they 
can ignite pit gas, as also can the sparks from a stone 
block rubbing on stone. On the merely thermal view 
of ignition this depends only upon the temperature of 
the particles ; on the ionic view there is the well-known 
electronic discharge from heated silica to be con.siclcred. 

Occasional reports are received from coal-cutter 
operators that a blue ilame has ticeri seen to flash 
around the back of the cut. This may po.ssibly be 
ignition of minute blowers of gas by hot particles 
or spots on the cutter tools. It has nothing to do 
with the electricity supplied to the* madiinc. 

A possible source of ignition is electrification by 
crushing or shear of rock faces, a well-known pheno¬ 
menon in splitting crystals, which has been observed 
on a large scale underground when mas.s(!s of stone are 
brought down.* This was at one lime a favourite 
explanation of pit explosions, but it is extremely 
cult to fire pit ga.s in this way experimentally. Trials 
on a larger scale than are possible in a lal^oratiory 
are necessary to prove electrification by splitting to be 
a possible source of ignition. ' 

So far the electrical sparks discussed have notbing 
to do with the use of electricity in mines, except that 
they illustrate electrical ignition, but sparks occasionally 
pass between the rotor and stator of induction motors 
in belt-driven haulages. By their appearance they are 
static discharges and are caused either by surges on 
the high-tension system, in which case a spark would 
be followed by a '' power currentand this is never 
observed, or by electrostatic charge from the belt 
passing by tire shaft to the rotor and escaping by dis¬ 
charge across the narrow air-gap rather than by breaking 
down the oil film of the bearings. To prevent this 
tlie rotor, as well as the stator frame, must be earthed. 
It is not very likely that these sparks would fire gas if 
present in the right proportions, but such machines are 
not now placed where 6 per cent of gas can accumulate, 
and would be totally endosed and flame-proof for use 
inbye. 

I have shown elsewhere f that a short spark 
having an energy of 0‘03 joule will just ignite pit gas. 
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This corresponds to the discharge of a condenser having 
two plates about 40 cm^ area at a distance apart of 3 mm 
and charged to 10 000 volts. Areas as small as this 
can certainly be discharged without igmtion, and this 
indicates that it is not the totaUnergy which is important 
but the energy per unit length of the spark, in so far 
as it is a question of energy as distinct from “ activa¬ 
tion of the gas by the voltage gradient. 

(4) Signalling Bells. 

The sparks previously considered are disruptive, 
that is, they are formed by the process of ionization 
by collision under the influence of a high voltage gradient 
across an air-gap. Those now to be examined are break 
sparks or transient arcs formed at the point where a 
current-carrying circuit is broken. There are three 
such circuits to be considered, each with special charac¬ 
teristics, i.e. for signalling, lighting and power. The 
first is highly inductive, the second usually non-inductive, 
the third much higher in voltage and with some induct¬ 
ance. The definition of a non-inductive circuit taken 
here is one the time-constant of which is about 1/1000th 
of a second, corresponding, on an alternating current 
at a frequency of 60, to a power factor of 0*95. 

The direct-current signalling bell used in mines is 
an improved form of the ordinary trembler bell with 
magnetically operated make and break. Sparking 
occurs both at the point from which the signal is made 
(either by means of a push switch or by bringing together 
bare galvanized-iron wires running along the timbers 
of a road), and at the trembler contact. Before the 
signalling bell received special attention both of these 
could cause ignition. In my earlier work an electric 
bell was regularly used.as the source of ignition when 
illustrating the effect of broad flanges extinguishing 
flame. It was this, in fact, that directed attention to 
the possibility of such an effect occurring in coal mines, 
and led to the introduction of the first safety bell.* 
Experiments on break sparks had shown that the 
essential feature in ignition is some form of ionization. 
The formation of an arc, as distinct from intense glow 
discharge or a spark, is only possible when there is a 
free discharge of electrons from that pole which is for 
the instant the cathode under the influence of heat. 
True thermionic discharge precedes an arc and is started 
by the heat set up in the high-resistance film of gas 
or metal vapour at the point of separation. There 
may be heating at a bad contact, but an arc cannot be 
drawn out unless there is a free thermionic discharge 
of electrons. The ionization in the arc is maintained 
by the collision of electrons with molecules and by the 
collision of charged with uncharged molecules under 
the intense voltage gradient. The voltage across the 
break is therefore the most important feature of an arc as 
a source of activation o| the gas in which it is formed. 
On this view it was only necessary to suppress the 
inductance voltage at a break in order to minimize 
the risk of ignition from a bell, and the direct way 
to do this is to cormect across the ends of the magnet 
winding a non-inductive resistance of value sufficiently 
low to act as an efficient shunt, but as high as possible 

* W. M.TttORNTOK: “ A New Battery Signalling Bell ,Tramadiwu of ih6 
InsHUUwn of Mining EnginetrSf 1916, vol. 60, pt. 1, p. 19. 


to lessen the demand on tUe signalling battery while 
the bell is in action. The magnitude of this depends 
on the inductance of the windings, but resistances as 
high as 20 times that of the coils were on occasion 
effective. Between 10 and 20 times is usual. 

So long as the pressure across tlie trembler contact 
does not exceed about 26 volts, a bell can be made'to 
ring freely in the most explosive mixture of illuminating 
gas and" air—much more sensitive to ignition than 
firedamp—^without igniting it. Pressures of 160 volts 
across the trembler break are not unusual in an ordinary 
2-volt bell. Unless the inductance voltage is suppressed, 
a bell becomes a miniature magneto so far as regards 
its power of ignition. The oscillograms of Fig. 2 show 
how much the voltage is suppressed in a working bell by 
shunting the magnet windings. 

Other means of checking the rise of voltage at break 
are the use of a short-circuited parallel winding or by 
copper sleeves over the magnet core.* These delay the 



—Make--^Bxealsr>--*—^Hak.e-‘^Break> 

Fig. 2.—Oscillograms of signalling-bell currents, and 
voltage across trembler contact. 


change of magnetism, while the shunt diverts the voltage 
produced by it. Modem direct-current bells can be 
specified so that inflammable gas shall not be ignited 
by the spark at the trembler contact. Bells for alter¬ 
nating-current circuits have usually no make and brealc, 
but work with a magnetically operated oscillating 
armature. They have a highly inductive winding and 
the spark at the signalling point where the circuit is 
made and broken is dangerous. It can be suppressed 
by arranging a high resistance across the wires so that 
it is brought into action by a double contact when 
the signal is made. Many bells have now, in addition 
to the electrical safety devices mentioned, mechanical 
protection by flame-proof enclosure. 


(6) Shot-firing Generators. 


The alternating-current hand generators by which 
detonators for shot-firing are exploded are of two lypes, 
high and low tension, giving voltages of 160 and 1*6 


• R. V. Whsbler and W. M. Thornton : Home Of^ce Report on " Electiic 
SignaUing with Bare Wires so far as rega^ of Ignition of In¬ 

flammable Gaseous Mixtures by the Break Spark at the Signal Wires" [1916], 
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on load respectively. The difference between a good 
and bad generator may depend only npon their voltages. 
A common method of testing whether a generator is 
in good working order before a shot is fired is to touch 
the ends of the leads together and observe the nature 
of the spark. Since many thousands of shots are 
fired in a day in the British Isles alone, it is important 
to know whether there is even the remotest possibility 
of ignition of firedamp by these testing sparks. Four 
out of five of such machines will, I find, ignite a 9*6 
per cent mixture of methane and air, generally after 
many trials. Since, however, before a shot is fired 
the place must be declared free from gas, the risk of 
testing the circuit by open sparking is less dangerous 
than the risk of having uncertain shot-firing. Where 
it is thought necessary, a small closed tube with a 
flexible make-and-break contact inside is a safe means 
of examining the spark. 

(6) Lamps, and Ignition by Hot Wires. 

Electric lighting in coal mines is passing through two 
phases, the displacement of the portable oil lamp on 
account of its poor light and possible risk of ignition by 
breakage, and the improvement of general lighting not 
only at shaft landings but also along the roads. The 
economic value of the former change is now recognized, 
and for the latter there is no reason why the working 
roads of a mine should not be as well lighted as those 
above ground if by doing so an economic advantage 
can be proved in safety and rapidity of handling haulages. 
Stress is laid here on the economics of the question, for 
unless it can be shown by trial that immunity from 
accident and rapidity of -transport are obtained, there 
is no reason to change the present state of affairs. 

From the point of view of safety, lighting circuits* 
differ only from power circuits in the vulnerability of 
' the lamp. Thanks to the severe conditions of running, 
the filaments of such lamps as motor-car headlights 
are as robust as can be desired. Experiments made 
by the United States Bureau of Mines have shown 
that hot-wire lamps with short, thick filaments are 
relatively more dangerous than those with finer wires,* 
as previously shown for carbon lamps. The voltage 
on portable lamps is limited by the weight which can 
be carried, but the future of fixed road lamps mighty 
well be in the direction of running them at the signalling* 
voltage, 26, permitted everywhere inbye, and using 
standard car lamps, protected from mechanical damage 
by -the usual glass and metal shades. If the voltage 
is raised much above 26 a new condition enters. There 
is for all conductors a minimum arcing voltage. The 
spark at break of a 100-volt, 16 candle-power carbon 
filament will fire gas if the broken ends remain in fizzling 
contact. That at 25 volts will not, as the arc cannot 
persist. There is again a remarkable difference between 
direct- and alternating-current breaks as a source of 
ignition which will be considered later. Ignition a,rising 
from broken lamps is regarded chiefly from the risk of 
contact of gas -with the hot,, unbroken filament. The 
general problem of ignition by hot wires has been worked 

* H. H. Clark and L. C. Ilslev : ** The Ignition of Mine Gases by the 
Filaments of Incandescent Lamps ** (Bureau of Mines, Washington, Technical 
Paper No. 62). 


out experimentally * and the following conclusions 
have been reached. Ignition of hydrogen mixtures, 
taken as the most sensitive, begins “with most metals 
at a temperature well below red heat, at that in fact 
at which thermionic emission fro^ the wire is first 
observed, i.e. about 2()p® C. It alwa 3 rs begins by 
surface combustion, the heat from which may fire the 
rest of the mixture or may be dissipated by radiation 
so rapidly that self-ignition does not occur. The least 
igniting current is a linear function of the diameter of 
the wire. ' Methane can only be ignited by any hot 
wire below a temperature of about 1 800° C. when a 
current of gas is swept over the wire. Witii^platinum, 
wires 0*01 cm in diameter over 2 amperes ar^ required 
to reach ignition conditions, and as often as not th 
wire melts without firing the gas if the circuit vol¬ 
tage is low. With tungsten wires there is no difference 
between the igniting currents of hydrogen, methane, 
carbon monoxide or coal gas, and the wire is always 
red hot before ignition of the mixtures occurs. Th 
igniting current is independent of the proportion of 
inflammable gas in the mixture in the case of all the 
paraffins, and is independent of total gas pressure down 
to one-third of an atmosphere or up to seven atmo¬ 
spheres. Electric or magnetic fields have no influence 
on hot-wire ignition. Ignition by tungsten wires below 
0-2 mm diameter is more difficult than with any other 
metal—a fact of importance in mining, since no greater 
safety could be obtained by -the use of filaments of other 
metals than that now commonly employed. 

A recent decision of the United States Bureau of 
Mines makes it necessary to provide some automatic 
means of cutting off the current in a hot-wire vacuum 
lamp as soon as the glass is cracked so that an inflam¬ 
mable mixture may enter. One method of doing this con¬ 
sists of a pneumatic collapsible chamber which operates a 
small switch contact when air is admitted to the lamp. 
The smallest pressure at which it will operate is about 
l/26th of an atmosphere, more usually about 1/10th. 
Firedamp is not inflammable by hot wires at pressures 
below one-third of an atmosphere. There is here a 
very fair margin of safety. 

A simpler and safer plan than trusting to safety 
cut-out devices in lamps when broken, is to provide 
an indicator on each lamp, either electric or oil-burning, 
to give a danger signal to the worker when a dangerous 
proportion of gas is present, so that he may withdraw 
from the place until the ventilation copes with the 
inrush of gas. 

(7) Ignition by Break of Circuit. 

A complete brealc of cable is very rare in coal mining. 

A fall of stone may force the conductors into contact 
with one another or the sheath or armouring, in such 
a case protective cut-out gear operates. In order to 
ascertain whether there could be a dangerous flash 
from an unarmoured lead-sheathed, three-phase cable 
cut into by a fall, the following trial was arranged with 
the co-operation of the Newcastle Electric Supply Co., 
Messrs. Re 3 n:olle & Co., and the Metropolitan-Vickers Co, 

A 20-ft. length of 3 000-volt, three-phase, paper- 

* W. M. Thornton : ” The Ignition of Gaie by Hot Wires,” Philosophical 
Magazine, 1919, ser. 0 voL 88, p. 613. 
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insuEted, lead-sheathed cable was sealed at one end 
and connected at the other through a SO-ampere oil 
switch to a 200-kVA transformer, and through it to the 
6 000-volt busbars of a large substation fed direct from 
Carville. The cabje was placed on a concrete floor 
beneath a platform some 4 fjf. high, and a steel wedge 
was laid on it in such a way that a stone weighing 
about 1-Cwt, dropped from the platform should strike 
it fairly. The object of the test was to see whether a 
flash could be observed to issue from the cable at the 
point and moment of damage. Two observers were 
stationed close to the spot, and though the conductors 
were cut well into by the fall, no external flash was seen. 
The trip-gear operated quickly enough to prevent any 
sign of burning at the point of short-circuit. 

On two occasions at West Stanley and Auckland 
Park, Where cables had been short-circuited by falls 
and ignition suspected, no sign of external flame or 



(i) Direct current. 

(a) Influence of voltage .—There is for every gaseous 
mixture a sharply defined current which just causes 
ignition when broken in it. Fig, 3 gives for pure 
methane the range of variation of the least igniting 
current with vdltage when iron poles are used 
to resemble armouring. The curves have a mean 
equation (7 — 15)/(I — 0*11) = 10*6. Below 16 volts 
ignition by break of a non-inductive circixit is extremely 
difficult if not impossible, and at high voltages a current 
of about 0* 1 ampere is sufiicient. The lower voltage is 
below arcing potential; at the higher a transient arc 
becomes a spark characterized by ionization by collision 
in the .field across the break. 



Fig. 3.—Least igniting currents of methane-air 
mixtures by transient arcs. 


Fig. 4.—-Influence of proportion of gas in air on least 
igniting'direct currents. 


even break was found. From these and many other 
practical tests it may be concluded that with modem 
armoured cables the risk of open sparking due to the 
damage of a cable by a fall is slight, and the further 
condition that there should be at the same moment a 
mixture of firedamp and air between 6*6 and 14*8 
per cent makes the possibility of a local explosion from 
this cause remote. It is, however, possible that a cable 
may be drawn out of a junction box by a fall, but the 
break of circuit will then have taken place within it and 
the enclosure must be strong enough to deal with the 
arc until the trip-gear operates. In pulling clear there 
may be an external break of circuit, and it is therefore 
necessary to examine the limiting conditions of ignition 
by break arcs with both direct and alternating current.* 

♦ W. M. Thornton : “ The Blectdcal Ignition of Gaseous Mixtures,** 

‘iceedings of the Royal Society, A, 1014, vol. 90, p. 272. 


(6) Influence of proportion ,of gas in mixture ,—^The 
characteristic phenomena of ignition by direct currents 
are well illustrated by the curves given in Fig. 4. 

Mixtures of firedamp and air are most easily ignited 
at 8 per cent dnd, though this is a point of less practical 
importance in this country, aU the paraffins have the 
same. least igniting current in their most sensitive 
mixtures. The physical and chemical meaning of this 
has been discussed elsewhere. 

(ii) Alternating current. 

(a) Influence of voltage .—^The essential feature of 
ignition by alternating-current break sparks is the 
remarkable influence of frequency at diflerent voltages. 
The curves of Fig. 6 illustrate this. Thus at 600 volts 
a direct current of 0*2 ampere will cause ignition,. 
quite possible in a badly earthed armouring with a fault 
developing, but at the same voltage and a frequency of 
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100 , 11 amperes are necessary, other things being the 
same, a ratio of 66 to 1 in favour of high-frequency 
alternating current. At 60 periods it is about half 
this—quite worth having. 



(b) Inflicence of proportion of gas .—^Remarkable as the 
above curves are, they are perhaps less striking than those 
of Fig. 6. The curves are a set of parabolas S 3 nnmetrical 
between the limits of inflammability, so that the most 
easily ignited mixture is midway between them (see 
Table 2), 


value are most difficult to ignite; 'a fact that aEiUs for 
explanation by those who support the thermal theory 
of ignition. 

(c) Influence of frequency, the voltage being constant ,— 
A recent examination of the infLi:^nce of frequency up 
to 600 periods shows th^ complex nature of the ph 3 rsical 
changes in the act of ignition. Fig. 7 is for pure methane 
in a 9*6 per cent mixture ignited by the break.of,ja 
non-inductive circuit maintained at 200 volts. 



Percentage of combustible gas in air, 
issf volume 

Fig. 6.—^Influence of proportion of gas on least 
igniting alternating currente. 

The first point to be observed is the high values of 
the currents necessary. After an initial delay the curve 
begins to rise as if logarithmic. There is an apparent 
time-constant, the meaning of which gives the reason 
for the curve. Writing the equation for the latter in 
the form i = 1(1 — the critical constant is 


TTable 2. 


Gets 

Limits of inflammability 

Mean 

Observed 

minimum 

Combustion to 
CO^at 

Combustion to 
CO at 

Mean of these 

Methane 


Per cent 

Per cent 

Per cent 

Percent 

Per cent 

Per cent 

Per cent 


6-6 

14-8 

10-2 

10*2 

9*4 

12*0 

10*7 

Ethane 


31 

10-7 

6-90 

6*90 

6*6 

7*7 

6*6 

Propane 


2-17 

7-35 

4-76 

4*80 

3*96 

6-0 

^4*98 

Butane 


1-65 

6-7 

3-67 

3*76 

3*07 

4*38 

3*72 

Pentane 


1-36 

4-6 

2-92 

3*06 

2*61 

3*61 

3*06 


The practical bearing of this is that when alternating 
currents are used there is much less risk of ignition of 
the weaker mixtures. The most sensitive point' is 
2 per cent higher than in Fig. 4. 

One notable feature is that gases of greatest calorific 


clearly a frequency, and by the usual method of deter¬ 
mining time-constants this is found to be about 110. 
What is there about an arc that can have such a critical 
time-relation ? A transient alternating-current arc 
differs only from a direct-current arc in the fact that 
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each p6ie is alternately anode and cathode and is heated 
and cooled as the current rises and falls. Since the 
maintenance of an arc depends in tlie first place upon 
the stream of electrons from the cathode,* such a relation 
must mean that when the frequency reaches a critical 
value the poles remain hot enoi^gh to give a continuous 
thermionic discharge while the current falls to zero, 
facilitating the activation of the gas in contact with tlie 
poles and improving ignition. For it is clear that 
ignition is relatively easier at high frequencies in the 
sense that the rate of rise is then less. If the early 
rate had been .maintained it would have been impossible 
to ignite firedamp at frequencies of 600 except by tlie 
break of circuit of a machine of some 260 kW workirfg 
at full load on unity power factor. There is at a 
frequency of 165 p.p.s. in the case of methane, but 
rather hifher in coal gas, a most singular increase in 
ease of ignition. This is not maintained, for at a 
frequency approaching 400 the curve reverts to its 
earlier t^e. 

The heating of the cathode or negative pole is greatest 



the gas more quickly into contact with a hot surface 
still emitting electrons. There can be no jdoubt that 
the rate of liberation of electrons from the, cathode in 
air is much greater than that from the surface of the 
arc itself, for if the latter were greater the arc in air 
would expand in volume, like an explosion, by continu¬ 
ally enlarging its conducting path. At still higher 
frequencies the heat given to the pole while the arc 
lasts is insufficient to raise more than a minute part of 
the surface to emission temperature. Heat is conducted 
from this so quicldy that hot-spot ignition can no longer 
occur. There are few phenomena more strildng than ^e 
suddenness with which thermionic emission ceases 
when there is a small drop of temperature from a critical 
value,* and the reversion of the curve of Fig. 7 to the 
original t 3 rpe at a frequency of about 380 is, I take 
it, an illustration of this. 

Other gases have been examined, but the dip in the 
curve is most marked in the case of methane. Fig. 8 
shows the variation in illuminating gas both when the 
poles are of iron and of nickel. The presence of 
hydrogen raises the depression and makes it a straight 
line. 



when the current is unidirectional, and the smallest 
igniting currents are therefore found in that case. As 
the frequency is raised, the difficulty of striking an arc 
increases on account of the delay in making a hot spot 
from which thermionic emission can take place. Now 
it is found that at the 200 volts used, and with the 
relatively small currents, there is never any overshoot.^' 
Wherever in a half cycle the current is broken, it falls 
to zero and stops. During this faU the fresh gas mixture 
rushes into the space occupied by the arc, and ignition 
can occur if it is long enough in contact with arc and 
hot metal to be activated. The higher the frequency the 
shorter l^ie duration of contact and therefore the higher 
the current necessary to obtain the result in the time. 
It will be clear that at some frequency the pole will 
continue to glow and give off electrons after the arc is 
extinguished for so long that ignition can occur even 
though the arc itself does not last long enough for that 
purpose. In addition, if ignition is ionic rather than 
thermal—as ever 5 rthing indicates—the more rapid re¬ 
moval of the arc may malce ignition easier by bringing 
* Maurics Leblanc (fils): ** L’arc ^lectrique,*' p. 22, par. 14. 


The statement has been made here that ignition is 
electrical rather than thermal. As a test of this in the 
case of break sparlcs the following experiment was made. 
The least igniting current of a 36 per cent hydrogen-in- 
air mixture was found by trial at 200 volts, 260 p.p.s. 
to be 0-4 ampere. The same poles were than sparked 
in pure hydrogen to remove oxide or occluded oxygen, 
and it was then found that the explosive mixture could 
not be ignited with less than 6 amperes broken. The 
sparks were large and bright but were electrically inert 
though their thermal value was many times greater 
than before. The first step in ignition is the formation 
of active oxygen ions. There is direct evidence for 
this in the phenomena of ignition by condenser discharge. 
There is no difference between hydrogen and other gases 
except in sensitiveness to spark ignition. 

The conclusion to be drawn from these determinations 
of the safety limits is that alternating current is always 
safer than direct current when there is little inductance, 
but that with the voltages and currents in use there is no 

« Richardson : “ Emission of Electricity from Hot Bodies/' 

p, OJSf o. ' 
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real security for power circuits of either kind, except 
by complete enclosure. The currents in lighting and 
signalling circuits can, however, be kept well within the 
limits of safety so far as a break is concerned, and ignition 
by the hot filament of a lamp, always so difl&cult in 
methane, can also be prevented by some device which 
breaks the circuit when the lamp is cracked. 

(8) Improved Lighting in Coal Mines, 

{a) Main roads ,—^The results just described provide 
a means of improving the lighting of coal mines and at 
the same time increasing tlie safety of working. At a 
frequency of 150 p.p.s, the least current for ignition from 
a lighting circuit is 23*6 amperes at 200 volts. The 
least direct current at this voltage is 0*4 ampere. The 
ratio of these is 60 to 1, which should commend alter¬ 



nating current to those who desire " safety first ** ^n 
lighting. But there is no necessity to run lighting leads 
at this voltage, a voltage of 26 being, as previously 
stated, permitted eveiywhere. When we come to 
examine the currents necessary to ignite firedamp from 
such low-voltage circuits, the results of Fig. 9 are 
obtained. At 160 periods and 15 volts not less than 
176 amperes would fire the most explosive mixture 
(10 per cent of firedamp) when broken in it. Lighting 
and signalling might be operated from the same circuit 
if desired, and, with the requisite protective gear to 
keep the maximum current in the case of a combined 
short-circuit and break to less than 176 amperes, im¬ 
munity as complete as possible, apart from the human 
element, is obtained. The inclusion of a resistance of 
0*16 ohm, or of a choking coil of similar reactance, would 
secure this, though the less inductance the better, so 
far as ignition is concerned. Since there is no risk of 


shock at this voltage there is no reason why enclosed 
replaceable fuses should not be used in each lamp fitting 
and feeder. 

(6) At the coal face ,—^In order to improve lighting at 
the working face it is necessary t<j^ devise a flexible and 
safe means of making opntact. The following arrange¬ 
ment was devised for this purpose. Each portable lamp 
is fitted with a plug in its base so that it can be connected 
in the usual way to a socket of special design attached 
by flexible '' cabtyre " leads to the 26-volt supply or 
to the power circuit through a transformer. The battery 
of the portable lamp of this type is smaller than in present 
lamps, for it has only to supply energy sufficient to give 
light when travelling to and from the working place. The 
double-filament lamp is pressed into the socket in which 
there is a safety interlock, and the contact is then 
switched over from the 2-volt to the 16- 6r 26-volt 
filament. The increase in illumination obtained by this 
will be evident, but it is doubtful whether so great an 
increase is desirable, or desired by the miner himself. 

If it is an economic proposition to increase the lighting 
at the coal face to ten times its present amount, then 
here is a means of doing it with a factor of safety greater 
than that of present practice. The current taken by each 
lamp would be about 1 ampere, and this at 15 volts is 
only 0*6 per cent of the clean break igniting current. 
By the use of these higher-frequency currents and lamps 
with both internal and external cut-outs it is possible 
to do for the miner what the Davy lamp did in the old 
oil lamp and candle days—to give better illumination 
with greater safety than is even now possible. 

(9) Electrical Oscillations on Cables Sheaths and 
Conductors. 

The experiments recently made at Ashington on wire¬ 
less communication with places underground is a revival 
of those made by Mr. A. W. Heaviside many years 
ago in the same district, and brings forward again the 
possibility of risk from oscillations on cable sheaths, 
and sparking to earth at points of high potential. I 
examined this some years ago and found that electrical 
oscillations on the conductors within an insulated lead 
sheath due to switching or surges did not give rise to 
high-voltage oscillations on the sheath, nor any sparking 
at the ends where the potential-rise might be expected 
to be greatest. In the case of cable armouring it may be 
possible to obtain minute sparks, for the surge impedance 
of such a conductor is higher than that of a plain tube, 
on account of the twist of the wires. The passage of 
electrical oscillations along a corrugated surface such as 
the longitudinal section of a cable has not been investi¬ 
gated mathematically. The impedance of such a path # 
might be great. There is, however, a real danger in 
the case of an unenclosed circuit in which ther^is heavy 
inductance, a voltage transformer for example. A 
surge on such a system reaching a coil has been known 
to give rise to a spark to adjacent conductors by which 
gas might be fired, and in one case such a surge has been 
suspected of causing an explosion in the cubicle of an 
oil switch underground. The gases given off by heavy 
switching are a mixture of hydrogen and methane, the 
products of dissociation of the oil by the arc. The 
presence of hydrogen extends the range of i n fla mm ability 
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of ‘ switch gas and air, for it alone is inflammable in 
mixtures from 6 to 72 per cent. For the safety of coal 
mining two things are necessary: (i) The space above 
the oil must be thoroughly ventilated so that the gas 
is conveyed clear of -Qie cubicle, and the switch so con¬ 
structed that even if the enclose}^ gas is ignited no flame 
can emerge; and (ii) all live conductors should be 
enclosed so that there is a continuous bond between 
the armouring and the switch-box metal. To prevent 
the possibility of a surge spark through air the space 
’ must be filled with compound. 

(10) Electrical Endosmose and Faults. 

For everything except haulages in which fine speed- 
control is necessary, alternating current is preferred to 
direct cuixent. From the point of view of incidental 
safety the advantage is with alternating current, not 
only on account of the lower risks of ignition previously 
discussed but also on account of the relative freedom 
from faults. It is impossible in a mine to avoid having 
cables in contact with moisture in some place or another. 
Direct-current systems are often subject to trouble in 
damp places. There is a mechanical pressure of electrical 
endosmose by wliich an incipient fault is always aug¬ 
mented. Electricity only moves electricity,'' and the 
motion is clearly ionic. Water is carried down an 
electric field from positive to negative pole. Mr. Ever- 
shed demonstrated this excellently in his paper ♦ read 
in 1913. If an alternating field is applied, the ampli¬ 
tude of the movement can be observed under the 
microscope. At a frequency of 80 p.p.s. it is about 
0 • 0003 cm in a thin film of water. An approximate 
estimate of the pressure may be made as follows. 
Assume the whole action to be electrical and consider a 
single molecule to be carrying a unit ionic charge e. 
The value of this is 1 • 67 x lO^^o electromagnetic units. 
The force on such an ion in a field of 6 000 V/cm (a not 
unlikely value in the dielectric) is He dynes, where 
H is "^e field in absolute electromagnetic units, here 
6 000 X 10®. Thus Ffe =s 6 000 x 10® x 1-57 x 10-20 
=’ 7-86 x lO-®. The diameter of a water molecule 
is about 4 X 10-® cm and its cross-sectional area 
12*56 X 10—^0 cm2, force on this area alone is 

(7*86 X 10-9)/(12-66 X 10-1®) = 6-26 X 10® dynes/cm^, 
i.e. 14 lb./cm2 or 90 Ib./sq. in., a quite considerable 
pressure forcing moisture into the fault. It is less than 
l^s on account of the space factor of molecules in a 
liquid, but not much. The number of molecules, N, in a 
gr^me molecule of gas is about 7 x lO^S. The molecular 
weight of water being 18 there are 4 x lO®^ molecules 
in a gramme of gas or Hquid. Taking each molecule of 
' water as 3*5 x 10—® cm diameter (its lowest estimate), 
its volume, v, is.2*25;x 10-23. The product Nv is 
0 *9 cm^and, since a gramme of water at 16® C, has a 
volume of 1 cm®, the space factor is 0*9. 

The well-known Hebbum case, in which the number 
of small cable faults was reduced from 164 to 1 in 6 
years by changing over from direct to alternating current, 
is the most remarkable example of the above eflect, 
and of the further valuable fact that a faulty cable 
dries itself out when the supply is alternating. ' 

Insulation Resistance,**/Wfiw/ 1914 , 


(11) Earthing. 

One of the difficulties in mining is the provision of 
an efficient earth underground in order to avoid electric 
shock, and, since coal is not a conductor but a very good 
insulator, a leakage fo earth on an underground network 
cannot as a rule return to the earth plate at the surface 
without the risk of a large potential gradient somewhere 
underground. This is one reason why a continuous 
bonding of armouring to bank is specified in the special 
rules, in order to avoid shock by leakage. It is not 
too much to say that on the provision of an efficient 
earth the whole safety of electricity in mining depends. 
There are two types of earth plate in general use, viz. a 
tube driven vertically into the ground, and a flat plate 
also vertical. The essential feature of a good earth is to 
get the lines of leakage flow to diverge as quickly as 
possible from as large an area as possible, in order that 
the resistance may be small where the area of flow is 
small. In the case of a vertical tube the lines of flow 



Fig. lO.-^Earthing plate. 


to another similar earth of opposite polarity at a great 
distance are at first radial. The voltage gradient is 
then inversely proportional to the distance from the tube, 
for if 1 is the total leakage current per unit length the 
cuixent density at a distance r is I/( 277 r), and if the 
resistivity of the ground is everywhere the same 
the gradient is pll[%7rr), a maximum whenr = a, the 
radius of the tube. 

In the case of a plate the lines diverge to a circle and 
the gra^ent near the plate then remains nearly constant 
for a distance comparable with about half of the width 
perpendicular to it. The lines of flow from a long, flat, 
earth plate axe hyperbolas and the equipotential lines 
confocal ellipses becoming, in eflect, circles at a radius 
of about 1J- times the width of the plate. The resistance- 
drop from such a plate therefore remains high apH nearly 
constant for a much greater distance than that of a 
tube of the same periphery. For example, take a 
plate TT ft. wide, and the corresponding tube 1 ft, in 
diameter. At a distance of 3 ft. from the centre of the 
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plate perpendicular to it, the current density has fallen 
to rather more than one-half its value at the plate. In 
the latter at the same distance from the surface it is 
one-quarter of the surface density, but, since the plate 
has two surfaces and the tube one, there is practically 
no difference between them as rSgards their value as 
an earth. 

With a hemispherical earth plate the lines spreading 
radially give a gradient inversely proportional to the 
square of the distance, reaching a maximum of IK^rrra^) 
at the surface, neglecting any current flowing from the 
inner side. If this is also active the maximum density 
is J/(4‘7ra-). Comparing this with a square plate of 
side b they will have the same current density if I/(47ra^) 
=: 2l(2b^), or a = 6/2-5. Taking 6 = ^ ft. square, o is 
nearly 16 in., and at a distance of 3 ft. from the surface 
the current density is one-ninth of the maximum value. 
By keeping the earth moist (and therefore of low resis¬ 
tivity) around the plate the voltage gradient is lowered 
in the place where it is necessary that it should 
be low. 

Vertical surfaces are difficult to maintain in good 
contact with surrounding earth. The earth plate shown 
in Fig. 10 was designed to make its own contact without 
additional stemming, to give a rapidly diverging flow 
and so to have low resistance close to the surface, and 
to provide an underground pool of water from which by 
diffusion the ground around the plate might be kept 
moist. 


A conical dish of T^^-in. galvanized iron is riveted *to a 
cast-steel boss into which is screwed a wrought-irpn pipe 
about 8 ft. long. Holes -fV diameter are drilled 
in the lower part of the pipe, and the bottom of the dish 
is filled with a pitch cement to av^id leakage. The plate 
is sunk into the previously moistened ground and filled 
with broken half-bricks or small stones, covered with 
gravel and the earth is then returned. Sufficient water 
is admitted to fill the dish to overflowing, and a fresh 
supply can be given if the resistance rises in dry weather. 

(12) Conclusion. 

The researches mentioned in the paper,' though they 
are a small part of the whole ground, will have served to 
show the variety of the phenomena and the need for 
an attempt to cover so wide a field. From^hock there 
is now little risk of accident; in signaUing circuits 
there is need for further control in the use of alternating- 
current beUs, but there are many advantages in its use, 
especially in connection with improved electric lighting 
b^ow ground. By keeping the leakage trips set low, 
transient arcs due to break of circuit and armouring may 
be kept below the limits found here to be dangerous. 
No oiiier mode of obtaining safety is reliable. Oscilla¬ 
tions due to wireless or other surges are not regarded as 
a serious risk. Alternating current is preferred to 
direct current on account of its freedom from water 
faults or endosmose. 


Discussion before The Institution, 31 January, 1924. 


Mr. G. P. Sparks ; I consider that the industry, as 
a whole, will have good cause to thank the author for 
his very exhaustive and persistent work over the p2lst 
12 or 14 years spent in investigating this subject. On 
page 481 it is pointed out that safety in coal mines 
depends on [a) efficient ventilation; (6) elimination 

of flame or open sparking; (c) improved illumination ; 
and [d) training in habits of observation and carefulness 
—^in other words, '' safety first.*' As far as electricity 
is concerned we have to do with items (6) and {c) only. 
In view of the responsibility thrown on the management 
by the use of electricity, the paper is of a reassuring 
character, as it enables a considered opinion to be formed 
as to which class of open sparking is safe and which 
is dangerous. The use of electricity in mines depends 
directly on the judgment of the management, the 
mine manager being held responsible by Act of Parlia¬ 
ment and by the Home Office Regulations as to where, 
when and how he may use electricity. W6 can only 
advise the mine owners as to the merits and possible 
methods of using electricity, but the responsibility 
for its use rests upon the mine manager, and it is a 
very serious responsibility. For instance, the Govern¬ 
ment Regulations contain this definition: * Open 

sparking * means sparking which owing to the lack 
of adequate provisions for preventing the ignition 
of inflammable gas external to the apparatus would 
ignite such inflammable gas.** The manager and his 
staff have to decide if there is danger from open 
sparking ”; if there is, he must not use electricity 


underground. Regulation 132 commences: ** In any 
part of a mine in which inflammable gas, although 
not normally present, is likely to occur in quantity 
sufficient to be indicative of danger, the following 
additional requirements shall be observed.** Then it 
details the requirements, always with the expression 
so that in the normal working thereof there shall be 
no risk of open sparking.** The manager has, therefore, 
to have a considered idea as to what “ open sparking ** 
is and what is safe. Here the present paper is of a 
reassuring character: it is most helpful to the manage¬ 
ment to be able to see that, under certain conditions, 
sparking that appears dangerous (as one spark may 
look exactly the same as any other) may under the 
defined conditions of working be safe. The author's 
investigations show that, far from every visible spark 
being dangerous, they may be divided into several 
categories: (I) Those that are safe; (2) those that 

axe risky; and (3) those that are dangerous. Th^ 
autlior's investigations show that electric power develop¬ 
ment in collieries has been fortunate in sever^ respects. 
While the first development took place with direct 
current, the advantage of transmission has resulted 
in the 60-period, three-phase system becoming the 
general standard. The author shows that direct current 
is 26 times as dangerous (from the point of view of a 
spark firing an explosive mixture) as alternating current 
at 50 periods per second. In this case commercial 
development has been on the lines of general safety, 
although the 60-period system was adopted primarily 
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for othen: reasons; it was not known in those early 
days, in fact it has been known only comparatively 
recently, that it was so much less harmful. The second 
factor assisting electrical development is the inertness 
of methane. A third factor (see page 485) shows that 
the peculiar characteristics of tungsten, which is used 
for lamp filaments and which was not chosen from the 
point of view of safety, have given a greater margin of 
safety than could be obtained with any other metal. 
The author’s experiments, while they indicate what 
may occur under a combination of circumstances, show 
that ignition results from combinations which rarely 
happen. Tins is emphasized by the long period during 
which electric signalling bells were in use before they 
were found to possess dangerous characteristics. I 
believe that the first electric development in mines was 
the signal bell some 40-50 years ago, but it was not 
until 1913 that any suspicion arose with regard to the 
danger of electoc signal bells. In 1913, following the 
Senghenydd disaster, very careful investigations were 
made by several people, and in 1916 the author and 
Dr. Wheeler showed how electric signalling bells could 
be made absolutely safe. The fact that this hidden 
danger existed unsuspected for so many years, emphasizes 
the fact that the risk of danger only occurs under a 
combination of circumstances. The importance of 
research is emphasized by the fact that directly research 
was applied to the characteristics of electric signalling 
bells they w-ere found to possess an element of danger. 
Safety in mines has been increased in the past due to 
improved illumination, and the further improvement 
in illumination will still further reduce the daily roU 
of accidents. Again, electric power lightens the burden 
of work, and the range of seams that can be worked 
is increased by better illumination and the use of power, 
thus reducing the cost of winning coal (benefiting both 
the worker and the public), whilst the use of electric 
power will result in a great reduction in the number 
of horses at present employed underground. The 
author’s investigations of the effect of frequency on- 
ignition are of special valqe as opening up definite 
possibilities of increasing the standard of illumination 
not only on the roads but at the face. I see no special 
dreaculty m increasing the frequency of a amaiT pro- 
portion of the jwer from 60 to 160 periods, or even 
higher, if this gives complete immunity of risk from 
hghting. While not desiring to throw any doubt on the 
author’s experiments, I feel that, before we can ask 
the Home Office to modify the existing Regulations to 
^ow the use of a periodicity of 150 for lighting at the 
face, a further exhaustive series of tests are essential. 

section of the paper headed 
Conclusion the author states (1) that the risk of 
shock has, practically been eliminated, and (2) that 
by keeping the leakage trips set low there is no risk 
from transient arcs due to the accidental breaking of 
an armoured cable. I entirely agree with those two 
statements. The position in both respects is well 
established, and from the point of view of safety a 
great deal of ground has been cleared thereby. It 
mght indeed be ask^ : What remains ? The three 
things upon which safety in mines chiefly depends axe 
nientioned by the author, viz. efficient ventilation, the 


elimination of all sources of flame or open sparking, and 
the improvement of underground illumination. ' The 
last alone of the three has not yet been attained, but, 
as the author justly remarks, it is doubtful whether 
an increase is really desired (in the sense of being 
demanded) by the ftiiner himself. Fig. 9 indicates 
that at a frequency of 50 periods and at a pressure 
volts, which is a reasonable voltage for local 
distribution, something of the order of 25 amperes is 
required to ignite firedamp. That is to say, 8 or 10 
lamps could be used in a gate road with a reasonable 
factor of safety. That is a very remarkable conclusion 
and opens up a very wide prospect for improved lighting 
below ground. On the other hand, I hardly follow 
the author’s suggestion that portable lamps and 
cabtyre ” flexible cable should be provided for lighting 
^e coal face. I think it is not unlikely that the miner, 
in the effort which we all know he constantly makes 
to improve the nation’s output of coal, would become 
entangled in festoons of " cabtyre ” cable. In my view, 
improvement will in practice lie in the direction of the 
better lighting of main and gate roads rather than in 
the better Hghting of the coal face. There is one other 
aspect of the lighting problem. On page 29 of the last 
Report of the Secretary for Mines there is a Section 
dealing with diseases of occupation. Under that head 
is nystagmus, which is by far the most prevalent 
occupational disease amongst coal miners. Compensa¬ 
tion for total or partial disablement is paid to 0 • 99 
per cent of the workers, and it must cost the nation 
more than £1 000 000 per annum. The Report proceeds 
^ follows : “ The general consensus of medical opinion 
is that the essential cause is deficient illumination and 
that the only remedy is better lighting. . . . The 
problem of illuminating coal mines more effectively 
is perhaps the most important as it is certainly one of 
the most difficult of the health and safety problems 
confronting the coal mining industry.” It appears 
to me that the author provides a remedy at hand. I 
should lilte to subscribe fully to all that Mr. Sparks 
has said, but on one point of fact he is not quite correct. 
He is not right in thinking that previous to the 
Senghenydd explosion no risk was thought to attach 
to electric beUs. About six months before that explosion 
the coal owners of South Wales were circularized by the 
theai Divisional Inspector of Mines for South Wales 
(Sir William Atldnson) and informed that such bells were 
danprous, this as the result of an experience at Bedwas 
Colliery in Monmouthshire. The author begins the 
paper by saying that in view of the necessity for precise 
knowledge it seemed worth while to enter into the 
laborious task of determining the conditions for safety 
m working. In my opinion it is proved to have been 
abundantly worth while. 

Mr. J. A. B, Horsley : It is very appropriate that 
^e Institution should take an interest at headquarters 
in an industiy in which electrical motors aggregating 
more than Ij million horse-power are used. The author 
remarks that the daily toll of life, and, may I add, 
^e super-tax on maintenance, need never be paid 
if it were not for the element of human frailty.- I 
suggest that is the important factor, for though research 
may prescribe limiting conditions to .* ensure safety 



ELECTRICITY IN COAL MINES: DISCUSSION. 


493 


it must always be borne in mind that the best plans 
will often miscarry. An experiment is described in the 
paper which seems to show that there is no danger of 
open sparking where a cable suffers injury resulting 
in short-circuiting following a fall^of roof, but there are 
on record instances where timber which had fallen 
with the roof has been set on fire in consequence of a 
short-circuit following such injury to an armoured 
cable. The arc is not always so transient or so controlled 
as to ensure that the dielectric will not take fire. With 
another type of cable it is not an uncommon occurrence, 
as, a result of a short-circuit—^not necessarily brought 
about by a falling roof or similar injury—for what axe 
called bursts ** to occur, when the arc between the 
conductors persists long enough to bum a hole right 
through the coverings of the cable. I do not want to 
exaggerate or over-accentuate the possibilities of such 
accidents, because I feel sure that the risk of danger 
following a short-circuit can be diminished by a more 
extensive use of automatic protective principles other 
than those which are represented by fuses or their 
mechanical equivalent. I am very interested in the 
author’s design of an earthing plate, but the attach¬ 
ment of the cable to the central rod should be at a 
point above the surface of the material with which 
the excavation has been filled in. The proportion which 
the number of accidents due directly to electricity 
bears to the total number of accidents which occur in 
mines in this country is very small, but it is the ambition 
of all engineers who are concerned with the use of 
electricity below ^ound still further to reduce the 
number of those accidents. To illustrate the influence 
of the human factor in mining problems I recount an 
incident which I heard of from the manufacturer con¬ 
cerned. As a coal-cutting machine motor repeateijly 
broke down, the maker visited the pit with the colliery 
manager. Upon opening the gate-end fuse box they 
found, in place of the proper fuse, a piece of substantial 
7-strand cable. Explanations were demanded and 
given by the machineman with candour and vigour, to 
the effect that he had only been restrained by physical 
conditions from inserting a piece of the tram rail, such 
was his objection to automatic interference with his 
work of cutting coal. 

Mr. S. W. Melsom : The author suggests that coal 
is an insulator, and I agree with him. He goes *on, 
however, to talk of earth as a conductor, whereas dry 
coal and dry earth are both insulators. It is perhaps 
as well to realize that efficient earthing depends not 
only on the moisture in the soil, but also on tiie extent 
of the impurities in that moisture. It is only the 
impurities in ordinary water which in any sense make 
it a conductor. The question of earthing is becoming of 
the greatest importance not only in coal mines, and I 
should be glad if the author would say what he considers 
to be an efficient earth. In America an earth having 
a resistance of 100 ohms is quite common, whereas 
in this country the figure is often 1 to 2 ohms. The 
author mentions that it is necessary to pour water on 
his earth plate at intervals, but that is surely relying 
too much on the human element. The question is 
not merely an academic one. The Mining Regulations 
specify the insulation of the system in terms of the 


leakage current which may flow, the leakage current 
being expressed as a proportion of the maximum current. 
If the miner forgets to water the earth plate on any one 
day and there happens to be a leak on the circuit, 
the very fact that the earth is «f very high resistance 
would of itself limit tiae current to a value lower than 
that required by the Regulations, whereas if the man 
had performed his duty a leakage current would flow 
and so indicate a fault. One would expect that in 
coal mines, where earthing is essential to secure safety 
to the operator, and where it is easy to make a really 
good earth connection, there would be a great deal of 
data on the matter, and it would be helpf uj if the author 
could give us a little more detail as to the actual resistance 
obtained and the methods used for determining the 
resistance of the connection to earth. 

Mr. P. J, Higgs : The author states that it is not 
too much to say that upon the provision of an efficient 
earth the whole safety of electricity in mining depends, 
and I should lilce to add a few remarks on this part of 
the paper. In Section (10) he brings to the fore in a 
rather striking manner the subject of electrical 
endosmose. This is a subject which, although generally 
well known, is very apt not to be considered in its 
proper degree of importance. In a resistivity test on 
moist soil in a glass container, I found that electrical 
endosmose was very apparent; on the application of 
a direct current, in time the soil around the positive 
electrode gradually and visibly became drier, while 
that around the negative electrode became wetter. 
This was a simple though interesting example of the 
actual transfer of moisture through soil in the direction 
of the current. The earth plate illustrated in Fig. 10 
would appear to be of good design, since it talces care 
of two important factors in the question of low-resistance 
value. The wedge-like sides tend to maintain, by 
the action of gravity, good contact between metal and 
soil, and provision is made for supplying water to keep 
the soil moist. The filling material of the earth cone, 
however, is given as stone and gravel, and I would 
suggest that coke or coke breeze (free from sulphur) is 
to be preferred in order to gain the advantage of con¬ 
ductivity along the third and horizontal edge. It 
may so happen that the earth connection is under a 
drying influence, in which case it is probable that the 
horizontal edge would retain its moisture longest, due 
to the rising evaporation of whatever moisture may 
still remain inside the cone. In such a case as this 
the horizontal edge may, if coke be used, serve to give 
the greatest conductivity to the soil, whereas with stone 
or gravel—being practically insulators—this advantage 
would be largely lost. I should be glad if the autho¥ 
would indicate in his reply the order of resistance to 
be expected from the earth connection shown*in Fig. 10, 
since the results of American experience appear to 
point to the fact that it is an exception rather than the 
rule to obtain values of the order of 1 or 2 ohms with 
an earth electrode of limited extent. Practically the 
whole of the resistance of an earth connection is that 
due to the medium within about 6 or 6 ft. of the electrode. 
The medium underground vrould be coal, while at the 
surface it is soil. The resistivity of coal, even in its 
natural state, is of the order of that of an insulator. 
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Dry soil is also practically an insulator, but with a 
moistore content up to about 20 per cent by weight, 
as is common in its natural state, the resistivity is of 
the order of that of a poor conductor. Since soil and 
pure water are of themrelves materials of high resistivity, 
it is evident that soil conductivity is primarily due 
to the dissolved salts in the moisture. This is sub¬ 
stantiated by the effect of only small additions of 
salt to the soil around an electrode in very appreciably 
reducing its r^istance. It would appear from American 
practice that about 30 ohms is an average value of 
the resistance of an earth connection of limited extent, 
and it is stg^ted to be a rather diiffcult and expensive 
matter to obtain resistance values of the order of 6 ohms 
and less with such electrodes or system of electrodes. 
The use of the water-pipe system, a common earth wire, 
or an underground ringmain of all available metal within 
a certain area, bonded together, is therefore advised. 
If such earth connections of unlimited extent are used, 
resistance values of the order of a fraction of an ohm 
can be obtained. The nature of an earth connection 
is such that with every appearance and impression of 
satisfaction the condition due to a high resistance may 
be quite unsatisfactory, and it would therefore appear 
that further information in regard to the important 
question of earthing as adapted to the needs of this 
country is very necessary. 

{Communicated) : The conclusions arrived at in the 
paper favour the use of alternating current at a fairly 
high frequency (of the order of 160 periods) and a 
relatively low voltage (of the order of 26 volts), for 
maximum safety in coal mines. A frequency of the 
order of 160 periods^ would be satisfactory for lighting, 
but would not be favoured for power purposes, since 
it brings in the well-known disadvantages of increased 
losses, lower power factors, and difficulties in design and 
speed regulation of rotating machinery. Since it is 
stated that it is in electrical haulage that development 
is likely to be greatest, this aspect is important. It 
would therefore appear that two a.c. supplies would be 
necessary, one of high frequency for lighting and one 
of low frequency for power. The use of a low-voltage 
supply would entail large currents for the same energy. 
The importance of tiiis is shown in the relations between 
least ignition current and voltage; for 160 periods and 
200 volts the least current is given as 23*6 amperes, 
and at 16 volts the least current is 176 amperes. For 
the same condition of safety against the breakage of a 
cable while delivering the same amount of energy, 
the least ignition current at 16 volts should be 330 
amperes. It would therefore appear that the higher 
>^alue of current for the lower-voltage supply is not 
of itself a factor of safety. The factor of safety is 
evident, however, in the case of a fault to earth, where 
the lower voltage would produce a smaller flash-over 
current. Generally, however, it is to be expected that 
an accidental earth in a coal mine would itself be of a 
high order of resistance such as strictly to limit the 
earth current; therefore the danger would be limited 
to that of short-circuit between conductors or an inter¬ 
ruption of current due to a sudden break in the drcmt. 
The author deals fully with the effect of current, voltage 
and frequency, but it appears to me that not sufficient 


reference is made to the factors of inductance, capacity, 
time, etc., as bearing directly upon the great importance 
of transients. American practice tends to recognize that 
the protection and design of electrical circuits against 
transients is of greater importance than the design for 
normal operation and working, since most breakdowns 
are primarily due to transient conditions. The transient 
conditions of the circuit'would appear to be directly 
applicable to such a subject as sparking. An electric 
circuit generally contains two components of stored 
energy: viz. (i) that due to the capacity O He^C), and 
(ii) that due to the inductance i The capacity 

factor of energy is greater for high voltages, while 
the inductance factor is greater for high currents. In 
general, low inductance and high capacity factors are 
to be desired in order to decrease the intensity of sparking 
when brealdng full-load current in a circuit. A change 
of current in a circuit requires a redistribution of the 
stored energy and an induced E.M.F., dependent upon 
the rate of change of current and the inductance of the 
circuit. In the case of a break of the circuit the curreht 
flowing will tend to fall to zero in a short interval of 
time; the stoi*ed energy of the circuit will appear 
practically entirely in the intensity of the spark at 
break. The induced voltage across the break would 
also momentarily reach a value which would primarily 
depend upon the constants of the circuit and the current, 
and be practically independent of the normal voltage 
of the circuit. It may happen, therefore, that the. 
apparatus of an a.c. system may introduce greater 
inductances than would occur in a d.c. system, so that 
the transient phenomena in the former may be so great 
as largely to offset the experimental advantage shown 
by a.c. systems. The lower distribution voltages would 
al^o increase the inductance effect due to larger currents, 
and this again may partly offset the experimental 
advantage of immunity to dangerous sparking shown 
.by the use of low voltage. Let us take a particular 
case of a short-circuit between two conductors protected 
by an overload circuit breaker. After the instant 
of short-circuit the circuit breaker will take time to 
operate; a typical figure is 0‘18 sec., which for a 26- 
period circuit gives about complete periods for 
the duration of short-circuit. During this time the 
cuijent Neatly increases and a large amount of energy 
is poured into the circuit. Kow at the instant of break 
by switch, the intensity of spark will be a measure of 
the energy in the circuit in the transient state, and this 
may bear no relationship to the normal current and 
voltage of the circuit. It would appear, therefore, that 
possible transients, surges, oscillations, etc., of both 
voltage and current are very important in connection 
with the study of the use of electricity iii mines. 

Afr. W* Selvey: The author has had very special 
experience in investigating unfortunate occurrences. 
There is a tendency to attribute the cause of these, 
perhaps too readily, to open sparking, and hence to 
infer that electricity is.a dangerous servant for mining 
work. I would contend on the contrary that it is, 
compared with other means, an exceedingly safe servant 
if properly used. Since a case has in some instances 
been allowed against electric ignition caused by open 
sparking, it becomes a duty to investigate thoroughly 



ELECTRICITY IN COAL MINES : DISCUSSION. 


496 


all contributory conditions which go to make up a 
dangerous condition. Prolonged investigation has been 
made, and the net result is that these conditions can 
now definitely be arranged on a laboratory scale, A 
study of these conditions when compared with practice 
shows, what has always been dimly apprehended, how 
rarely a perfect parallel can occur. This study also 
indicates that the regulations as to the cessation of 
aJl working when the gas percentage rises to a certain 
value are both valuable and necessary, and if strictly 
followed would render almost impossible the combina¬ 
tion of circumstances denoting danger. It is. because 
of this perhaps, as Mr. Sparks has pointed out, that 
open sparking from bells as a danger was unsuspected 
for 30 or 40 years. That is to say, it took all this time 
even to suspect that danger was possible, and once 
attention was directed to the matter the risk was speedily 
removed without difficulty. Modem developments will, 
in my opinion, improve the factor of safety. They may 
be directed to using as high a pressure as possible for 
power, and as low as possible for lighting. High- 
pressure apparatus is more mechanical, requires but 
little current and readily lends itself to protective 
devices. More and more light should be used at low 
pressures, e.g. 60 volts and lower, and combined with 
high-pressure switchgear there is room for develop¬ 
ment. In an installation in which I am interested, I 
know of only three interruptions in four years on an 
extensive high-pressure power and low-pressure lighting 
system. Two of these were caused by flashing-over 
inside a closed oil-immersed controller. In each case 
the pit was cleared. Although some engineers may 
not tliink it good practice thus to interrupt work, my 
experience leads me to place the value of the moral 
eflect higher than the cost of the interruption, I thinki 
that too much attention cannot be paid to the earthing 
system. In the system detailed in the paper, danger 
occurs due to the fact that the attachment to the earth 
plate is out of sight. Such an attachment would corrode 
away. It is better to have a prominent earth plate 
bricked around on the surface, with at least two visible 
attachments of the copper to the iron. It is better 
to have solid copper strip of substantial section bolted 
to the iron than to depend on any other form of attach¬ 
ment, For a certain distance from the earth plate it ^ 
well to reinforce the conductivity of the cable armouring 
by a special earth conductor, say as far as any consider¬ 
able group of apparatus on the surface, in order to prevent 


any rise of voltage at the pit bottom and inbye. The 
author is here making a bold suggestion. Having 
definitely decided the dangerous conditions, b^^ avoiding 
them it is now possible to use electricity freely at a 
place where (sooner or later) gas fldll occur, i.e. at the 
face. The paper contains the germ of a system of 
apparatus which would allow unlimited lighting at the 
face (at a frequency of, say, 160), and which could be 
destroyed by a fall without the slightest risk of ignition. 
Such a system would of course have to undergo extremely 
rigorous tests before it could be adopted and before 
the regulations could be modified to allow of it. I 
should be glad if the author would give in his reply 
some further indication of the type of apparatus that 
he has in mind for providing and controlling the supply 
of current. « 

Mr. F. O. Hunt {communicated) : The paper is of 
great interest, not only for the immediate light thrown 
upon an involved subject but by reason of its promise 
of greater things to come. Coal and its economical 
winning are among the primary considerations in 
maintaining the commercial position of this country, for 
it was the application of the energy of coal to manu¬ 
facturing which originally made this country the work¬ 
shop of the world. That impetus has expended itself, 
and already the exhaustion of the more easily worked 
seams tends to make the cost of our coal increase. 
Consequently it is of the utmost importance that we 
should find better means of utilizing our coal. I suggest 
that this paper really represents part of the spade work 
which, by bringing to light the mechanism by which 
gases combine, may enable us to obtain electrical energy 
direct from coal gas or producer gas. It would seem 
that an understanding of the electrical conditions which 
promote combination might well be the stepping stone 
to the production of electrical effects by means of such 
combination. The effects of frequency seem to be 
very extraordinary, especially as the presence of 
hydrogen raises the depression [in the curve of ignition].** 
The paragraph which follows (on page 488) is the most 
striking evidence I have yet seen with regard to the 
ionization theory of the initial stage of combination. 
I should be glad if the author would say whether the 
condenser to which he refers on page 484 is one having 
an air dielectric. 

[The author*s reply to this discussion will be found on 
page 609.] 


Mersey and North Wales (Liverpool) 

Mr. T. B. Morgan : I should like to ask the author 
if, in the course of his experiments on the general question 
of underground signalling, he has ever included the 
problem of telephones. The maximum voltage allowed 
by the Home Office rules for signalling apparatus is 
26, whereas a magneto telephone (of which there axe 
hundreds mstaUed below ground) can easily generate 
from 100 to 200 volts. It would be interesting, there¬ 
fore, to learn if experiments showed them to be dangerous 
or otherwise. I should like to know whether the author 
would favour one earthing point on the surface for the 


Centre, at Liverpool, 14 January, 1924. 

whole of a colliery undertaking, or whether he would 
prefer a number of earth plates at different points under¬ 
ground, such as sump holes, etc. Also, would he expect 
the same results in the earthing system of a colliery 
having, first, a three-phase system with the neutral 
point unearthed, and secondly, a three-phase system 
with the neutral point earthed ? 

Mr. B. L. Myer ; The author states that the ordinary 
thin spark due to an electrostatic charge is not dangerous 
and is incapable of causing ignition of coal dust or 
gas i according to Section (3) of the paper it has not 
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been found possible to cause ignition of firedamp by 
this means. It would be interesting to know whether 
any experiments have been made in the deposition 
of coal dust from the atmosphere by means of a silent 
electrostatic discharge. In view of the statement 
that such discharges are n5t capable of producing 
ignition, such a method might possibly be devised to 
limit the amount of coal dust in the atmosphere. 

Mr. H. Midgley : The use of pulverized coal in this 
country has up to the present been in the nature of an 
experiment, and amongst the troubles experienced have 
been explosions of the mixture of air and powdered 
coal durin-g its passage from the pulverizing plant to 
the burners. As the powdered coal is practically 
coal dust it is, perhaps, not outside the scope of the 
paper tonask the author whether he would suggest that 
there is any possibility of these explosions having been 
due to static charges generated by the passage of the 
powdered coal through the pipes; or, alternatively, 
whether the heat generated by the friction of the 
pow^dered coal against the pipes may have been sufficient 
to fire the mixture. 

Mr. W. Bolton Shaw: The curves of ignition seem 
rather to point to the conclusion that the only way 
to make electricity absolutely safe underground is to 
have a zero voltage and an infinite frequency. In the 
lantern slides showing curves for ignition by hot wires, 
I think that the author had in mind the question of the 
possibility of firing gas by the breaking of the globe 
of an electric lamp and the explosive mixture coming 
into contact with the glowing filament. The curves 
are, I think, given for only one gauge of wire, viz. 
0*1 mm diameter, and it would be interesting to know 
how this diameter compares with that of the filament 
used in vacuum and gas-filled lamps, and whether, as 
one would naturally expect, the possibility of ignition 
increases or decreases with the size of wire. If the 
author has carried out a series of experiments to deter¬ 
mine this relation, perhaps he will refer to them in his 
reply. I should also like to, ask him whether he has 
made any experiments on the firing of gas or a mixture 
of gas and coal dust by mechanical sparks such as 
those produced when rotating metal rubs on metal. It 
is more or less held by mining electrical engineers that 
in the event of metallic sparks being given off by the 
rubbing of the rotor core on the stator of a motor of 
which the bearings are badly worn, there is a risk of 
^es sparks firing any gas that may be present. This 
is a point of considerable importance, in view of the fact 
that open protected-type motors are not definitely 
prohibited in places where Regulation 132 of the Coal 
Mines Act applies. The ignition of gas by sparks 
produced by the rubbing of metal on hard stone is 
established by the fact that gas-lighters for domestic 
purposes are constructed on this principle. The earthing 
plate shown in Fig. 10 would appear to be very efiective, 
in that the surface in contact with earth approximates 
to a hemispherical form (which is the ideal) ; the shape 
and construction are such that the earthing surface 
of the plate is kept in contact with the earth in such 
a way that any shrinkage or shifting of the soil will be 
followed up and the contact maintained ; the connection 
to the plate can be substantial; and it is possible to 


get moisture to the contact surface in a simple manner. 
In criticism I would say that for coUiery work sometliing 
more substantial than ^^g-in. galvanized iron would be 
necessary for the cone ; the pipe should be not less than 
2 in, steam piping; and the cable connection to the 
pipe should be above ground and not under the surface, 
as shown. Also, this connection would be better if 
made by screwing a heavy collar nut on to the top of the 
pipe with a locknut to fix it, the collar having screwed 
into it a stud of, say, 1 in. round copper, formed at its 
outer end into a terminal lug to which would be bolted 
the sweating socket on the end of the cable, or pre¬ 
ferably the cable itself, looped and bound to form 
an eye. 

Mr. H. E. Dance : In designing the case of an 
explosion-proof motor a pressure of 110 lb. per sq. in. 
is usually talcen into account and a large margin of 
safety allowed. The space inside the average motor, 
in which gas can accumulate, consists of two distinct 
volumes of annular shape, one round the commutator 
and the other round the opposite end of the armature. 
These spaces are connected by the channels left between 
the coils of the magnet system. Now, if an explosion 
were to occur at the commutator end—and it is at this 
end that one would expect it to commence—^the gases 
at the opposite end would, provided the channels were 
sufficiently small, be compressed before they exploded, 
and the resulting pressure would be considerably in 
excess of 110 lb. per sq. in. This phenomenon is well 
known, but I have never been able to obtain a figure 
which would represent within reasonable limits the 
pressure to be expected in a motor under these conditions. 
The figure of 110 lb, per sq. in. appears to be fairly 
reliable in enclosures where the explosion takes place 
•freely. Can the author suggest an approximate maxi¬ 
mum figure to be used when the explosion occurs 
successively in two volumes which are approximately 
equal and connected by a number of small channels, as 
in the typical .motor ? 

Mr. H. Pryce-Jones : I believe that the filament 
temperature of a gas-filled lamp is considerably higher 
than that of an ordinary vacuum lamp. This being 
the case, I should like to ^k the author whether the 
danger of explosion due to instantaneous ignition of 
gas, consequent upon breakage of a lamp in a fiery ” 
working, is any greater when the more modem type 
of lamp is employed. Also, if this theory is correct, 
has its verification been obtained as a result of experi¬ 
mental work or merely as the outcome of the comparison 
of the number of explosions over a given period in 
mines adopting the different forms of lamp ? 

Mr. A. E. Malpas : .1 have several times been down 
the pits, but have never really examined the con¬ 
struction of the lamps used. These were*always handed 
out in the usual way after examination in the lamp 
room at the surface before descending the pit. Looking 
at iiie example of lamp now exhibited, one could hardly 
realize what would happen if the glass broke, 

Mr. J. A. Morton: On page 486 an experiment is 
described in which an unannoured cable is cut in two 
without an external flash being observed.. In tins case 
the trip gear was near at hand and operated quickly. 
In actual practice, however, the fault might be on an 
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inbye cable a considerable distance from the tripping 
gear, which might not operate so quickly as in the 
experiment. I should like to know which of two cables 
the author thinks is the better from the point of view 
of gas ignition, an inbye cable, bitumen-insulated and 
double-wire armoured, or an inbye catle, paper-insulated, 


lead-covered and single-wire armoured. In conclusion, 
I should like to ask whether the earth plate described 
has been patented. 

[The author’s reply to this discuiision will be found on 
page 609.] • 


North-Eastern Centre, at Newcastle, 28 January, 1924. 


Professor Granville Poole : The author’s contri¬ 
butions to the subject of electricity in mining are well 
known and fully appreciated by the mining industry. 
It would be of considerable interest if he could give us 
a complete list of his papers, for the work described 
to-night is only a small part of the whole. The safety 
lamps which he has demonstrated mark, a very con¬ 
siderable advance. An electric safety lamp which will 
indicate the pr^ence of gas has long been in demand, 
and if the author can succeed in giving us one that 
will do this he will confer a great benefit on the mining 
industry. 

Mr. C. Vernier : I am particularly interested in the 
section on electrical endosmose and the theoretical 
investigation in regard to the possible pressures produced. 
This explains clearly why so much trouble is experienced 
with the single-core leadless type of cable on d.c. net¬ 
works when an incipient breakdown of the insulation 
occurs. It is well to point out that the same trouble 
is absent with lead-sheathed cables as the electrostatic 
field does not extend outside the cable, and even an 
incipient fault such as a small hole in the lead sheath 
is largely screened electrostatically by the adjacent lead 
sheath, and there is therefore no tendency for negative 
electrification to force water into the insulation. With 
positive electrification it is, of course, well known th^t 
the leadless type of cable dries out. The Hebburn case 
referred to in the paper was the outcome of a serious 
bitumen gas explosion resulting in loss of life, the 
explosion originating in a breakdown of leadless cables, 
and being caused by electrical endosmose. As the 
result of this accident it became urgently necessary to 
find some method of preventing similar accidents. 
Experience with a.c. cables indicated the great reliability 
of such cables, and a few experiments with leadless 
cables under the two different electrifications (^e 
Journal 1916, vol. 63, p. 360) very soon con¬ 

firmed this to the satisfaction of all concerned. It was 
therefore decided to change over the network to alter¬ 
nating current, and the change, as stated by the author, 
has been altogether remarkable, resulting in a practical 
cessation of all cable faults and absolute freedom from 
liability to explosions. The improvement is immediate 
and certain, and the few faults which occur can clearly 
be traced to previous damage caused by the d.c. supply. 
Since that time a number of other networks have been 
changed over from direct current to alternating current, 
with equally remarkable results, and this is now becoming 
a common practice all over the country. The freedom 
from main^ faults, and the great saving in maintenance 
charges axe, it is needless to say, by no means the only 
advantages! secured by such a change, other advantages 
being the saving o^ attendance charges by the use of 
VOL. 62. 


static substations instead of rotary substations on large 
systems generating alternating current, and the ease 
with which increasing loads can be met by section¬ 
ing old networks and feeding them from additional 
static substations as required. It is certain that the 
practice of converting networks from direct current to 
alternating current will become general witlfin a very 
short time. This question of endosmose should receive 
careful consideration in connection with cables for use 
iii mines. Many mine managers favour the leadless 
t3q)e of cable, but it should be borne in mind that this 
type of cable from this point of view, and also from the 
point of view of fire risk, leaves very much to be desired. 

Mr. H. J. Fisher : I should like to ask the author if 
he has succeeded in igniting gas by static sparks ; it is 
quite possible to get these conditions when steam is 
blowing in the shaft or on the surface and has charged 
the lines or conductors. Extraordinary phenomena 
sometimes occur in mines. In one case two signal bells 
were burnt out under peculiar circumstances. They 
were worked on an incline with a single wire and earth 
return, and there was no electric power in that portion 
of the pit. This bum-out occurred at the time of a 
fault on an overhead 6 000-volt transmission line. The 
incline ran parallel to the line and was about 120 fathoms 
from the surface. I have often noticed stray direct 
current when testing armoured cables, at a time when 
aU plant is shut down. I have been able to get low- 
pressure current up to 0*8 ampere; this I ascribed to 
the tramway system. Many years ago I carried out 
experiments with a view to getting flames to pass 
between machined joints, and at the same time to try 
to burst joint boxes with heavy short-circuits. I took 
a cast-iron box, 12 in. square, 8 in. deep, and f in. thick, 
with Ij in. machined flanges, and short-circuited a fuse 
(designed to blow at 600 amperes) with plenty of power 
behind it. I never succeeded in passing any flame or 
in bursting the box, nor could I blow a cork, which had 
been fitted moderately tightly, out of the top. In 
regard to the experiment with the 3 000-volt cable, the 
potential danger lies not so much in a sudden penetration 
of insulation and the resultant short-circuit or earth, but * 
in the fact that the fault may be switched in again and 
again, the sparking getting worse each time. .Jm earth 
leakage protection would, I think, increase the safety. 

I have no. doubt that the type of earth plate designed 
by the author will be very efficacious. I have always 
advocated the use of heavily galvanized iron plates, 
particular care being taken in regard to the connection 
of the earth lead to the plate, and also in regard to the 
insulation of the earth lead from the surrounding earth. 

I have always been an advocate of the earthed neutral. 
Unless the earthing system in the mine is kept perfect, 

33 


498 


THORNTON: SOME RESEARCHES ON THE SAFE USE OF 


or ear£n leakage protection is adapted, one is apt to get 
Sparking at haulage ropes. 

Mr. J. Schuil: I should be glad to know if the 
author has any figures relative to the actual pressure 
obtained at the monE^nt of explosion in the box which 
he exhibited. I believe that this was the original box 
made when I first started experimenting with explosion- 
proof gear and found difficulty in getting records of the 
pressure obtained. The origin of the gear was a report 
published about 30 year^ ago in the Elektrotechnische 
Z$iisckrift describing experiments made in regard to 
the spreading of explosions through small tubes. 
It was stat^ that, providing the tubes are long enough 
in proportion to the diameter, no explosion can be 
communicated to the outside. This is now limited to 
very smaU tubes. It is also found that the shape of 
the box has a great influence on the violence of the 
explosion. The more cubic in form the box and the 
larger its capacity, the more violent the explosion. A 
very violent effect is obtained by blowing a very large 
fuse in a box. All the tests which I carried out were 
performed with direct current. The strength of the 


box may be very easily calculated from the formula 
given in Professor Unwin's book. 

Mr. E. E. Grover: In Section (2) the author mentions 
arcs, and in Section (4) he refers to sparks. Does he 
consider that an electrical spark can ignite the dust or 
cause a coal-dust explosion if no gas is present ? Table 
2 clearly shows that a mixture of methane and dust 
will explode with a less percentage of methane than is 
necessary to cause an explosion when the methane is 
mixed with air alone. I take it that these explosions 
of dust and gas mixed were obtained by means of a 
sustained arc, and that a flame or sustained arc is 
necessary to start a coal-dust explosion. I notice that 
in these experiments the coal dust was added to gas 
and that the mixture exploded. I am under the im¬ 
pression that the addition of gas to coal dust does not 
affect it and that the coal dust cannot be ignited by 
means of an electric spark. I should be glad if the author 
would confirm this view. 

[The author's reply to this discussion will be found on 
page 509.] 


North-Western Centre, at Manchester, 19 February, 1924. 


Mr. W. T. Anderson : In dealing with inflammable 
gas it may be of interest if I exhibit the sketches issued 
by the old Home Office Department of Mines to illustrate 
the detection of gas in quantities of IJ to 3 per cent 
by observing the cap in the miners' safety lamp of the 
oil type, particularly as this has a bearing on the ques¬ 
tion of ignition by hot wires, or their equivalent hot 
gauzes, referred to in Clause 1. It was the personal 
opinion of Mr. John Gerrard, the late Divisional Inspec¬ 
tor for the Lancashire area, that at least one great 
explosion was attributable to this elongation of the cap 
and consequent heating of the outer gauze to redness. 
With regard to the reference to the Eskmeals tests, 
surely these yery elaborate experiments by the Mines 
Department were not made to convince possible 
doubters, as the author suggests, but to set up condi¬ 
tions for research as to how explosions could be 
m in i m ized or actually avoided, for instance by stone 
dusting. In dealing with the small amount of risk 
attaching to breakdowns from mechanical causes on 
metal-sheathed cables when these are properly pro¬ 
tected, it would have been of assistance if the author 
had dealt with the risk attaching to unarmoured trailing 
cables at the face, in connection with which leakage 
protective devices in the region of the gate end box 
rare in a very undeveloped condition. In my opinion 
the greatest risk at the moment attaches, not to multi¬ 
core trailers but to those of the concentric type which 
are stiU compulsory, in one form or another, when used 
with concentric mains—^this apart from the obvious 
setback their continued use must cause to the advance 
of leakage (as opposed to overload) protection. It is 
not necessary to enumerate the anomalies which have 
dogged the development of these trailers. Suffice it to 
say that at the moment the outer of the t 3 ^e of 
concentric flexible cable generally used has to have a 
conductivity of 1 ‘6 times the inner. To attain satis¬ 


factorily the requisite degree of flexibility this outer 
has to be applied in the form of braid or, more correctly, 
a series of braids. This entails a very short lay and 
consequent long length of spiral per unit of length of 
cable, involving such high electrical resistance that 
a very large number of compensating wires are necessary 
to attain the required conductivity. Hence a metal-to- 
inetal comparison between outer and inner is actually 
in the nature of 3 to 1. This means that a concentric 
trailer becomes so stiff that the term "flexible" is a 
misnomer, and when one reflects that the life of a 
trailer primarily depends on its flexibility it will readily 
be seen that such stiffening as I have described leads to 
almost unavoidable mechanical breakdown, with un¬ 
doubted subsequent flashing in that part of the mine 
where it can least be endured. Samples that I have 
examined undoubtedly bear this out, and it cannot 
be argued that such flashing was necessarily momen¬ 
tary. I feel very strongly that the use of a three-core 
trailer on a concentric system would be no more illogical 
tl^an is the use of a four-core trailer on a three-phase 
system. It would undoubtedly be a great deal safer, 
and I shotdd greatly value the author's views on this sub¬ 
ject. In my opinion the ideal form of trailer is multi¬ 
core with a lightly braided sheath round the insulated 
cores, to operate in connection with a leakage protec¬ 
tion device. Such a sheath would not, of course, contain 
anything like the weight of metal required in cables 
of the purely concentric type. The suggestion of 25-volt 
lighting at the face opens up a most desirable state of 
affairs, though the transmission difficulties at that 
pressure are obvious. I have long expected legislation 
with regard to lower pressures for underground lighting, 
but at the moment the manufacturer has to face diffi¬ 
culties as they exist. He has to provide fittings which 
can be used, if necessary, on 500-volt power circuits for 
the series lighting of, say, haulage houses far inbye. 
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an extremely undesirable practice. He has to provide 
arrangements by which similar haulage or pump houses 
can be lighted, say, from concentric power cables by 
twin wires which he can only use by putting in a rotary 
converter between them. He has to provide light at 
the bottom and in the insets of upcast shafts when 
these are used for winding, where, in spite of the 1J per 
cent gas ruling, no human agency can possibly predict 
when a mixture of explosive proportions may happen 
to pass. I have recently been associated with experi¬ 
ments dealing with such contingencies. In this investi¬ 
gation we started on the assumption that although hollow 
fittings can, under certain conditions, be made flame- 
tight, no hollow fitting can be rendered gas-tight. Every 
colliery electrician knows that it is not practicable to 
fill small lighting fittings with hot compound, and this 
difficulty was overcome |by using in its stead a plastic 
resilient plug. Incidentally, I should like to hear the 
author's views on what he considers to be the minim um 
safe flange for small fittings of the hollow t 3 rpe. Switches 
were similarly treated except for the infinitesimal 
spaces required for the make-and-break movement of 
the switch, which cavities were catered for by a long 
screwed surface through which the handle of the switch 
was operated. This only left a real cavity to be dealt 
with in the cubicles for the double-pole fuses, with 
which every reduction in cable size must legally be 
protected, and it was found possible so to construct 
these that, when blown under gross overload and filled 
with a mixture of firedamp in the proportions of 8-6 
per cent, no flame on explosion was communicated to 
the surrounding atmosphere although it was charged 
with methane in the proportion of 8*9 per cent. In 
connection with the same subject of lighting, an anomaly 
to which attention might be drawn is that underground^ 
low-tension cables (up to 260 volts) need not, under 
certain conditions, be armoured. This, more than 
an 3 rthing else, has been responsible for an appalling 
amount of bad work, as it is impossible to comply with the 
regulation demanding that such unarmoured cables shall 
be ** efficiently suspended from insulators " without their 
coming into frequent contact with pit props and the like. 
In other words, conditions which are ostensibly allowed 
could be at once prohibited under the General Safety " 
Regulation No. 132. With regard to sparking from 
metallic sheathings, the value of the paper would have 
been increased if the author had referred to the dangers 
involved by the continued use of concentric systems 
with bare outers.. In my opinion the carrying of any 
heavy current by means of bare conductors in unsuitable 
places, such as safety lamp pits, should be rigidly 
prohibited. As a result of such currents, I myself 
have seen heavy sparking between haulage ropes and 
jockey pulleys 2 000 yards inbye and have known of an 
authentic case of a boy relighting his lamp between the 
armour and the nearest tramrail. ■ In this connection 
I do not refer to concentric S 3 ^tems with insulated 
outers, and I see no reason why the Government should 
not allow S 3 ^tems of this class to be mixed with twin 
systems, a practice which, according to the strict letter 
of the law, is at present inadmissible. I disagree 
strongly with connections to earth plates being made 
in the ground (as shown in Fig. 10). Many years ago I 


adopted an arrangement, which has subsequently become 
to a large extent standardized, of installing nests of 
cast-iron pipes in such a manner that all connections to 
the busbars crossing their surfacecj^ flanges were always 
visible and readily accessible. This is highly desirable, 
not only on account of dissimilarity of metals but also 
on account of probable rapid action set up by the coke 
or breeze, usually containing sulphur, with which 
earthing gear is generally surrounded. In connection 
with the same matter I would urge the vital necessity 
of periodical resistance tests being taken between earth 
plates on all colliery installations, and the careful 
logging of results. This not only allows comparisons 
to be made between the dry and wet months of the 
year but also goes a long way to ensure protection of 
the metallic sheathings of the shaft cables T^hich are 
the most liable to electrolytic attack, particularly on 
large installations where there is bound to be a con¬ 
siderable amount of surface leakage underground. 

Mr. W. Bolton Shaw : The j^aper adds the weighty 
argument of greatly increased safety to those prac¬ 
tical considerations usually put forward in favour of 
the use of alternating current in preference to direct 
current for underground colliery work. The curves 
shown in Figs. 7 and 9 give the results obtained by 
varying the voltage and frequency of the current taken 
to fire methane by transient arcs. Presumably Fig. 9 
shows the lower portion of curves similar to those in 
Fig. 7 but on an extended scale, and if this is so I do not 
understand why the lower part of the curves in Fig. 7 
are curved while those in Fig. '9 are straight. The 
curves in Fig. 9 give the results for a 9-6 per cent 
mixture of methane in air. The author's arguments 
for using 25 volts at a frequency of 160 for safety reasons 
are apparently based on these curves, but one wonders 
whether this condition of the air is a more inflammable 
one, as regards the current necessary to fire it, than a 
mixture of methane in the presence of coal dust, for 
which a series of results are given in Table 1. Axe the 
curves in Fig. 9 affected by the presence of coal dust, 
and, if so, to what extent ? With regard to the question 
of lighting at 26 volts, I do not quite see the force of 
the remark that 25 volts is permitted everywhere in 
a mine, because, so far as I am aware, all ordinary 
lighting voltages are permitted everywhere in a mine, 
and open sparking where Regulation 132 applies is not 
permitted even on 26 volts. From the point of view 
of the Mines Act ^ at present in force, 26 volts does 
not therefore stand oil any better footing than any 
other lighting voltage. Perhaps the author's sugges¬ 
tion is, however, that at 160 periods 26 volts is so. safe 
as regards the firing of gas that open sparking might be 
permitted. Leaving aside the question of producing 
the necessary frequency, I see no inherent difficulty iia 
lighting at 26 volts, but there will obviously be an extra 
cost in cables in order to avoid too heavy a voltage- 
drop for satisfactory illumination. The cost of this 
system, compared with that of one at 66 volts, which 
is quite a practical proposition and one which I advocate, 
would be something like 26 per cent greater, while 
compared with one at 110 or 220 volts it would be 
perhaps 30 per cent higher. There is a further practical 
advantage from the point of view of reliability and 
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maiiitcnaiicc, viz. the greater sturdiness of cables and 
lamps at the lower voltage. The author's argument 
depends, however, largely upon the question of fre¬ 
quency, and here -^e difficulty is in the frequency- 
changer. If a satisfactory frequency-changer could be 
designed of the same nature as a static transformer or 
preferably a transformer performing the double function 
of changing both the voltage and the frequency, the 
electrical industry would be greatly benefited. Coming 
to the question of lighting the coal face, the practical 
mining engineer will at once see a difficulty. The 
number of small flexible cables crossing the face from the 
lamps to the common cable supplying them would be a 
nuisance and very liable to damage. A single coal-cutter 
trailing cable, which is a much more robust affair than 
these small flexible cables, is always more or less in the 
way on the coal face and is a sufficient source of anxiety. 
On the other hand, with the element of danger from 
shock or burning or.of sparks firing gas entirely elimi¬ 
nated, as the author claims, I do not think that there 
would be any insuperable difficulty in getting the colliers 
working on the face to accommodate themselves to the 
use and care of these flexible cables if they found, as 
they no doubt would find, that the greatly improved 
lighting was of substantial advantage to them in the | 
getting of coal. A collier, from the very nature of his 
work, is accustomed to adapting himself to awkward and 
difficult conditions, and he would no doubt soon become 
accustomed to using flexible cables just as other work¬ 
men have become accustomed to the use of portable 
lamps in other awkward situations particularly 
unfavourable to the use of flexible cables. Mr. 
Anderson has drawn attention to the question of 
sparking from the earthed outer of concentric cables. 
Another and similar case of arcing which sometimes 
occurs is not always appreciated; that is from the 
armouring of an ordinary three-phase cable when a 
heavy short-circuit to the frame of the machine or 
switch or to the armouring of the cable itself occurs at 
the far end of a long cable (say, 1 000 yards long) and 
the earth current, travels back by the armouring to ^e 
neutral point of the alternator. The drop of voltage in 
the armouring of the cable may be of the order of 100 
to 160 volts, and if the armouring happens to be in 
contact with metal such as the frame of a haulage 
pulley or the haulage rope itself or the armouring of 
another cable, severe open sparking may take place at 
the point of contact. . 

Mr. 5. H. Lee: That part of the paper which deals 
with the difierence between a.c. and d.c. supply gives 
support to the attitude taken up by engineers over a 
long period, but one must now add to the conclusions 
that tli,e a.c. supply is the safer. I should be glad if 
the author would say whether the adoption of his 
suggestion in regard to electrical transmission would 
improve the factor of safety. It is evident that the 
illumination on the coal face is, in the author's opinion, 
not what it should. be. Are we to conclude that 
improvement would mean greater working safety, 
better working conditions for men, and an increased 
output ? If this assumption is correct the most important 
point is freedom from electrical ignition. Can we rely 
on the system advocated to give this ? It would be of 


interest if the author were to give particulars of the 
following apparatus to be used on a face 200 yards 
long where at present electrical cutters are being 
employed, with gates every 20 yards: (1) Ty^e of 

fittings ; (2) switch and protective gear; (3) number 
and candle-power of lamps; and (4) type of cable. 
In one case when starting into operation a new colliery 
power station a report came from the boiler attendant 
that while raking out the,ashes he received a shock. I 
confirmed this fact and shut the plant down, but stiU’ 
the charge was present. On investigation a pipe joint 
over the boilers was found blowing, so a plate pointed 
at one end was fixed with the point set f in. from the 
manhole cover handle, the other part in direct contact 
with the escaping steam. A spark fin. long was 
obtained and photographed. Sparks are also caused 
by coal-cutter picks. I should like to have the author s 
opinion in regard to the use of bare wires for signal 
purposes, contact being effected by putting them 
together. Does he think that an insulated system 
Would be safer if used on the Fryar Davis system ? 
In this system switches are fixed every 200 yards on 
the road, and attached to the operating handle is a pull 
wire. This enables the bells to be rung from any 
convenient point. In Section (7), particulars of a 
penetration test on cables are given to ascertain if there 
was an outside flash. Taking in consideration the 
fact that all cables in a mine are armoured, why was only 
a lead-sheathed cable used ? Again, why was a pointed 
wedge used ? This in itself would prevent an outside 
flash. Has the author ever dropped a weight of 6 cwt. 
for 10 ft., the face of the weight being about 6 in. square 
(similar to the bottom of a girder) ? I have used such a 
test on all types of cable after sprinkling tire outside 
"with petrol, with very interesting results. The earth 
plate illustrated in Fig. 10 is very practical, but I should 
like to know why the material used is only if in. thick. 

Mr. J. H. Buchanan : I take it that the curves in 
Fig. 9 are intended to show a comparison between the 
effects produced at different voltages, and there is 
undoubtedly some advantage in the lower voltage 
from the point of view of current required to cause 
ignition. But for a given amount of lighting it is 
necessary to consider the power which is used rather 
^han the current, and, if the curves are examined from 
this point of view, I think it will be found that 100 volts 
appears to be a better pressure to use than 10 volts. 
Take, for example, the values of current for 10 volts 
and 100 volts at 140 periods—a convenient point on 
the scale. At 10 volts the current is roughly 200 amperes, 
and at 100 volts it is about 40 amperes. Now, 40 
amperes at 100 volts is equivalent to 4 kW, while 200 
amperes at 10 volts is equivalent to only 2 kW. The 
disadvantage due to the smaller current permissible at 
the higher voltage is more than balanced by the increase 
in available power. That is to say, if a spark occurs 
due to a break in the circuit, the higher voltage will be 
the safer for a given amount of power in the circuit. 
According to Fig. 9, at 140 periods it is safe to break 
up to 4 kW at 100 volts, but the danpr point is reached 
at 2 kW with a 10-volt circuit. This would not neces¬ 
sarily apply to the case of a short-circuit, although the 
higher impedance of cables and transformers on the 
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higher voltage would tend towards making a short- 
circuit no more dangerous than on the lower voltage, 
for which the impedances would be extremely small. 

Mr. G. S. Gorlett (ccymmunicated) : The most inter¬ 
esting part of the paper is perhaps the section dealing 
with the relation of frequency to the minimum current 
that will ignite gas. I gather that this is limited to 
lighting, as the cost of raising the frequency of existing 
power circuits would be prohibitive. On page 481 the 
author says: Most of the accidents in mines are 

mechanical in origin, and are due to the poor illumina¬ 
tion of haulages, or to the difficulty of keeping earth 
movements under continual observation.'^ By ** haul¬ 
ages " I presume he means ** haulage roads " and 
not ** haulage houses " and I take it that his second 
sentence hints, among other things, that it is now difficult 
to see when a fall of roof is likely to occur. It is common 
knowledge that many accidents, all too freq^ently fatal, 
occur due to falls of roof, and that such accidents would 
not have arisen if additional supports, provided close 
by for the purpose, had been fixed. The fixing of these 
supports is in many cases outside the discretion of the 
workman; that is to say, it is his duty to fix them at 
definite spadngs. It is also unfortunately true that 
many other accidents arise due to the neglect to use one 
form or other of the many safety devices available, 
probably mainly due to familiarity with the particular 
danger, in short the same general motive or frame of 
mind which induces otherwise sensible people to jump 
ofi a train before it stops or to run violently after a 
tramcar. I fail to see how the most perfect illumination, 
or the most perfect observation of earth movements, 
would reduce these accidents at all. I do not want to 
imply that this neglect is only on the part of the work¬ 
man; the owners at times do not provide the best 
appliances or maintain them in the best condition. I1> 
is also a regrettable fact that far too many of the 
accidents which do occur are officially classified as 
“ preventable" and would not have occurred had 
something necessary been done. All possible steps 
should be taken to reduce these accidents. I should 
like to ask what is meant by the statement that ** acci¬ 
dents are mechanical in origin." In the next sentence 
the author sets out the principal conditions on which 
safety in mines depends. It is not clear whether the 
author suggests that these points, which I agree embrace 
a wide range, deal with the whole question of safety, 
or merely with that portion due to electricity. Further, 
the tone of the paper as a whole is that (subject to the 
few items mentioned in the concluding paragraph, 
which will require watching) all the necessary informa¬ 
tion is available to carry out the work on these safe 
lines, and, for example, if one wants fiamerproof apparatus 
he takes it out of stores or buys it as a standard in the 
open market. If that were true and the conditions 
set out by the author the only ones to be observed, 
the mining electrical engineer would have no cause to 
worry. It seems to me that the author is looking at 
the subject from the wrong perspective. The danger 
from this open sparking is primarily the ignition of 
methane with or without coal dust. There are, of 
course, other infiammable materials, but in an installa¬ 
tion on modem lines and with fireproof motor houses. 


conforming to the regulations, the danger is»small. 
The electric firing of methane is a rare occurrence and 
there are few cases on record that are conclusive. 
During the " electrical age," as the author describes 
the present era, there has been^much bad electrical 
work, and some still re^aains, although it is a dimin¬ 
ishing quantity. Nevertheless, this type of accident 
is fortunately infrequent. Though it may seldom 
happen, the precautions against it should not be 
relaxed in the slightest. In my view where the danger 
exists the precautions cannot be too drastic, because 
such an ignition may develop into one of those too- 
frequent disasters with heavy loss of life. Fortunately, 
the vast majority of plant underground is located where 
this danger does not exist and, except on some coal 
faces, the positions in a mine where electrical plant is 
required and where gas is likely to occur in dangerous 
quantities are few and far between. I am not clear 
whether by the expression " elimination of all sources 
of flame or open sparking" the author means that 
totally enclosed apparatus is to be used throughout. 
The standard ventilated squirrel-cage motor is certainly 
a potential source of flame, since no insulation is ever¬ 
lasting, and a liquid controller is the most suitable 
apparatus yet designed for heavy haulage, but it sparks 
openly. To my mind it is folly to prohibit these, except 
in the danger zone. As to the danger zone, i.e. where 
methane is likely to be present, I should like to empha¬ 
size that what is really necessary is a combination of 
apparatus which is jointly, as well as individually, safe. 
It is useless to have one or more links of such a chain 
defective. The author says on page 489 that real 
security for power circuits can only be obtained by 
complete enclosure, but I should like to know where 
such enclosed apparatus is obtainable of a safe nature. 
The simplest possible combination is a motor, switchgear 
and connecting cables. The author's experiment in a 
power house with a cable does not seem to me to be 
very convincing, and I do not think we have evidence 
to warrant our saying that with a fall of roof open 
sparking might not occur on a cable. As 'to motors, 
the Home Office Regulations apparently contemplate 
the use of open motors and appear to be based on the 
assumption that failure of the insulation and open 
sparking arising therefrom is not likely to occur simul¬ 
taneously with an influx of gas. It is true that gas 
frequently comes slowly into a place and so can be 
detected in the early stages, but it is also true that 
it frequently comes without warning. For many 
reasons totally-enclosed motors are undesirable; and 
there has lately been a great output of certificates in 
regard to switchgear which is supposed to be safe in 
mines. I myself attach very little value to these 
certificates, as all the experiments are based^on the 
ignition of the gas inside the enclosure by means of an 
induction coil. It should be remembered that in 
practice there wiU be no induction coil and the gas 
inside the enclosure will in all probability be ignited 
by some defect, probably a short-circuit. So far as 
I know there has been no research whatever as to the 
type of enclosure which will withstand the combined 
effect of a short-circuit and gas ignitibn when the supply 
is taken from a large power station. It seems to me 
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that there is a very real danger of the apparatus being 
completely smashed or at least of a hole being burnt 
through the covering, thus producing open flame. Again, 
these particularly dangerous positions are usually those 
remote from the sh^,ft and consequently less likely to 
be visited frequently by the higher officials, and there 
is unquestionably to-day a very real danger of ineffective 
maintenance which I am afraid will continue for some 
time to come. It is most interesting to know that so 
much more current is required to fire gas at 160 periods 
than at 60, and this knowledge may at times be of great 
value. This is no doubt, however, limited to gas 
ignition, and current at 160 periods will fire cable 
coverings, wood and other inflammable material as 
readily as at any other frequency. I do not clearly 
follow what the author recommends as general practice 
for lightfhg collieries underground, but probably he 
means, in addition to- what is usually done now, viz. 
shaft sidings, engine houses, main junctions, and the 
like: (a) That all lighting should be at 160 periods, 
26 volts or thereabouts ; (6) that haulage roads should 
be lighted ; (c) that coal faces should in many cases be 
lighted ; and {d) that lighting of other main roads should 
at least be considered. To illustrate this, I quote below 
data from an actual colliery on which I am at the moment 
professionally engaged; it is an old pit getting its 
relatively small output from two shafts and from 
various seams: (1) average daily output, 600 tons; 
(2) length of haulage roads along which this coal passes, 
13 910 yards; (3) number of working coal faces, 22 ; 
(4) average length of each working face, 126J- yards; 
(6) total .length of coal face, 2 761 yards; (6) average 
distance from the centre of each coal face to nearest 
existing substation, 1 132 3 ?axds. To adopt in th^ 
particular case what I conceive to be the author^s 
recommendations, is no small matter. A good light to 
work by is of course desirable and as a rule directly 
promotes safety, but it is impossible commercially or 
practically to light all /the roads of a colliery; it is a 

South Midland Centre, at 

Dr. G. G. Garrard : With reference to the phenomenon 
mentioned by the author, viz. that heated platinum 
easily ignites gas, I should like to know whether the 
words “ activation ** or ** ionization ** are not other names 
for the catalytic action which, as is well known, is exer¬ 
cised by platinum in many chemical processes. I 
should be glad if the author would state what value of 
earth resistance can be obtained under practical condi¬ 
tions from the eartl^ plate illustrated in Fig. 10. He 
has shown several ingenious lamps for detecting gas, 
but are the electrical methods which have been proposed 
not reliable ? As regards the general question of the 
use of electricity in mines, the author clearly shows that 
there are certain limits of current and voltage below 
which there is no danger of gas ignition. I take it that 
it is not proposed to install any system working below 
these limits without the usual safeguards which have 
now become good standard practice in collieries. The 
Regulations sgiy that open sparking shall not be allowed 
in the specified zones. Open sparking is defined as a 
condition of affairs which will allow an internal flame 


peculiarly trying experience to move to and from bright 
and dark areas, and may be dangerous. I have fre¬ 
quently bumped my head when a man walking in front 
of me on an underground roadway allowed his lamp to 
shine in my eyes now and then—the effect is quite 
blinding even if the illumination is of only 1 canffie- 
power. Coal faces vary in dimension, fairly typical 
figures being : Height, 2 ft.; length, 300 yards ; and 
inclination, 1:6. The machine would cut at night, 
and coal be loaded up by day probably by a mechanical 
conveyer; there would be a large number of wooden 
props supporting the roof and these would, after the 
machine had passed along, be quite close to the face, 
which would advance laterally about 1 yard each 24 
hours. Assuming also that such a face could be fed at 
about the middle from one transformer and that there 
were 12 to 14 lamps, it follows that the wires and lamps 
must be disconnected each night, threaded back to the 
qentre (because the props cannot be moved) run out 
again, fixed and connected up. Remember also that 
many faces are wet, and others very liable to falls. I 
know of no system of wiring which would last one month 
under those conditions, even if the law were modified 
to allow it! The whole tendency of modern legislation 
and practice is to restrict, and in the case of new collieries 
to prohibit, the travelling of workmen generally on haul¬ 
age roads. Again, in the particular colliery that I 
have quoted, there are 14 000 yards of such roads. 
To light the whole of those roads the following would 
be required: Numerous motor-generators to raise the 
frequency to 160 periods; a double system of wiring 
throughout; feeders at, say, not less than 200 volts; 
distributors at, say, 26 volts; numerous step-down 
transformers and switchgear, as the economical area to 
be fed at 26 volts is small; and maintenance difficulties 
^ch that I do not wish to contemplate. 

[The author's reply to this discussion will be found 
on page 609.] 

Birmingham, 12 March, 1924. 

or explosion to be communicated to an external explosive 
atmosphere. This is, I think, explicit and entails the / 
use of flame-proof enclosures. Research is undoubtedly 
panted on the flame-proof enclosure question. Wide 
differences exist in the practices of the different coun¬ 
tries. It would appear from Bulletin No. 68 issued by 
the Bureau of Mines, Washington, on Electric Switches 
for Use in Gaseous Mines, that colliery owners in the 
United States are prepared to regard as explosion- 
proof, apparatus which does not pass muster here. On 
the other hand, I understand that in Germany the prob¬ 
lem of making, for example, a complete motor flame¬ 
proof has been given up as insoluble, and the rules issued 
by the Verband Deutscher Elektrotechniker for the use 
of electricity in collieries have been modified, permitting 
the use of what we should call motors with open-type 
windings (provided they conform to certain require¬ 
ments as regards insulation), simply making the slip-rings 
flame-proof. Dr. Wheeler has given us data from which 
it would appear that it is a very simple matter to make 
any enclosure flame-proof. All that is required is to 
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use a 1 J in. flange with a 3 ^ in. gap. This, I understand, 
has been shown to prevent any dangerous pressure 
occurring due to an internal explosion, and at the same 
time to prevent the egress of a dangerous flame. Person¬ 
ally, I had not thought that the problem was so simple. 
I think, however, that the fact that* these varying prac¬ 
tices exist in different countries shows the need for 
continued research on this question of flame-proof 
electrical apparatus. 

Mr. A. E. Angold: The curves which deal with the 
ignition temperatures of various mixtures of gases 
appear to cover all possible variations, but those showing 
the effects of transient arcs do not take into account 
possible vmations of speed of break and the size, shape 
and material of the arcing contacts. I understand that 
the speed of break used was intended to represent 
ordinary switching speeds. If the author had used the 
slowest break that is likely to occur in practice, quite 
different results would have been obtained. I suggest 
that one of the worst conditions that will be encoun¬ 
tered is the case where a cable is pulled out of a terminal 
but one strand is left in poor contact with the terminal, 
resulting in overheating and finally in arcing. My 
experience has been mostly with means for starting and 
maintaining arcs, but such experience has shown that 
there is greater difficulty in maintaining low-periodicity 
arcs and suggests that they would be safer than the high 
periodimties tried by the author, i.e. they would give 
just the opposite effect when the particular conditions 
suggested above occurred. It will most probably be 
found that no circuit is safe unless it is an a.c. circuit, is 
protected by a non-inductive resistance and has a volt¬ 
age below the minimum arcing voltage of the metals 
used, viz. 25 volts or less. The author's theories as to 
the conditions of transient arcs which do or do not 
fire explosive gases seem to be too much influenced by 
the theories due to investigations into mercury-vapour 
rectifiers, thermionic valves and the like. In all these 
the positive pole does not get hot enough to give any 
character to the phenomenon' as a whole, whereas arcs 
as known to the power engineer are for hi m so much 
metal melted and probably evaporated from the positive 
pole. With a.c. arcs both poles suffer because they are 
positive in turn. The temperatures of the positive pole 
and of the greater part of the gases are governed by the 
material of the positive pole. The hot spot (on thal: 
pole which is negative for the time being) from which 
the true arc starts, and the central core of gases which 
acts as the conductor, will also at times have their 
temperatures modified by the temperatures of the gases 
surrounding them and thuS^ more or less delay the 
restarting of the arc at each half period until the voltage 
has risen sufficiently to suit the existing temperature. 
The chief interest that the power engineer has in this 
characteristic of the arc, namely that it can only start 
from or shift to a hot negative conductor, is the opposite 
fact that the other or positive end will transfer itself 
to a cold positive conductor. It would thus seem prefer¬ 
able to earth the negative pole on d,c. systems and thus 
prevent arcs in switch boxes, etc., from, jumping across 
to the iron case as they have a habit of doing when the 
earthed case is positive. 

Professor W. Cramp: I propose to deal with the 


difficulties which arise when one compares the author's 
results with those of other workers. In attempting such 
a comparison, the first difficulty which presents itself 
is that of understanding what is the meaning of the 
terms used to distinguish the varidiis forms of discharge. 
The author, for instance^ divides his into.two categories, 
one called “ disruptive ” and the other ** break sparks " 
or “ transient arcs." On the other hand, Mr. J. D. 
Morgan, whose work on this subject is well known, 
speala of two types, which he describes as " capacity " 

I and " inductance " sparks respectively. It is important 
that this question of terminology should be settled, 
and I hope that it may be taken up by the B.E.S.a! 
We may distinguish at least four types : ( 1 ) The silent 
discharge or glow which exists between two electrodes 
when the circuit conditions are such that ionization 
of the intervening air can only take place in regions 
near the electrodes. (2) An intermittent discharge of an 
oscillatory character which takes place when the pressure 
across the electrodes is increased beyond that under ( 1 ). 
(3) A succession of discharges, each started by a dis¬ 
charge of the form under ( 2 ), but hot enough to cause 
combination between the nitrogen and oxygen of the 
air, and consequently to set up a flame, which is extin¬ 
guished as it lengthens. (4) A low-pressure arc formed 
when the current through type ( 3 ) is increased, and 
which depends chiefly upon the vaporization of the 
electrodes. Oscillatory effects are present in iype ( 2 ) 
and can almost always be traced in ( 3 ) and (4). But 
for a given sparking distance the voltage is higher for 
t 3 rpes (2) and (3) than for type (4), although by properly 
adjusting the circuit the discharges may be made to 
merge one into another. In any case the circuit condi¬ 
tions determine the type of discharge, and it is of the 
utmost importance, therefore, for such work as the 
author's, that the circuit conditions should be rigidly 
stated. The information at our disposal only records 
^e fact that the circuit was " non-inductive " ; that 
is to say, according to the author, on a frequency of 
50 its power factor was 0*95. This, however, is insuffi¬ 
cient. The time-constant that is unimportant on such 
a frequency may be of the greatest possible importance 
on frequencies such as are obtained with oscillating 
discharges, and there is no doubt that some of the 
sparks with whidh the author has been dealing were of 
this nature. The frequency might easily have been 
100 000 , and might possibly have been as much as 
1 000 000 , in which case not .only does the above time- 
constant become of supreme importance but it wiU be 
modified by the presence of capacity in the windings 
and terminals. No information is given with regard to 
the latter, although it has been repeatedly shown that 
the size and form of the electrodes modify not only the 
type of the discharge but also the energy required to 
fire a mixture. Evidence of this is to be seen in Mr* 
Morgan's paper in the Philosophical Magazine (1923, 
vol. 46, p. 969). This again intrbduces the question of 
the energy required to fire a given mixture, which is 
stated by the author to be 0*03 joule, although Morgan 
and others have obtained explosions with as little as 
1 /ipth of this figure. This discrepancy is probably due 
to the inaccurate method of calculating the energy, 
which is often based upon the maximum en^gy in the 
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capacity circuit. But this maximum energy has no 
connection whatever with the energy absorbed by the 
spark. It is possible to have a circuit containing a 
spark gap, with suitable circuit conditions, in which a 
current of 50 amperes is maintained by the charge and 
discharge of a condenser, and yet the energy expended 
in the gap may be almost negligible. So long as such 
methods are adopted, Mr, Morgan^s remark, that the 
results obtained by different investigators can never 
be comparable unless carried out withidentical apparatus, 
will remain true. The question as to whether the firing 
of a gas is thermal or electronic has, in the author and 
Mr. Morgan, two supporters of the rival theories. This 
matter does not seem to me to be of importance, as the 
minimum energy required can probably be expressed 
ih terms pf either theory. The attempt that Mr. Morgan 
has made, in the paper quoted above, to show that this 
is a thermal question is to me not very convincing, since 
the assumptions made are too rough to be acceptable, 
and I concur with the present author that many of 
the phenomena are more easily looked at from the 
point of view of the discharge of electrons. 

Mr. W. Wilson: By giving much definite information 
as to what is safe, as well as what is dangerous, the 
author has afforded data upon which important results 
can be based. I was particularly interested in his 
reference to the comparative effect of direct and alter¬ 
nating currents upon the insulation of cables. In the 
case quoted at Hebbum it is to be presumed that all 
the faults took place upon the negative cable, since ^e 
tendency would be to expel the water from the positive 
one but to drive it into the former. I am particularly 
interested in the testing of electrical apparatus for 
safety in a gaseous atmosphere, and I should like to ask 
the author what in his opinion is a fair method of 
exploding the test mixture in such an apparatus. Since 
the exploding agent in practice will in nearly every case 
be a transient arc, it seems to me that a spark from 
an induction coil cannot be a thoroughly representative 
means and may result in a weaker explosion than would 
be given under actual working conditions. As a prelimi¬ 
nary to the routine testing of a range of contactor boxes 
for mining work, measuring about 3 ft. X 2 ft. X 1 ft., 
I carried out a number of experiments with v^ous 
forms of transient arc for exploding the pentane mixture 
used for testing purposes. The three methods experi¬ 
mented with were, first, a 5-ampere fuse; secondly, 
a 50-ampere fuse; and thirdly, the actual 100-ampere 
contactor that was to be fitted in the case. The pres¬ 
sures produced, as recorded in the small pressure^ 
indicator described on page 76 of my paper in this volume 
of the Journal, were 16, 30 and 40 Ib./sq. in. for the 
three species of arc respectively, these being approxi¬ 
mately^ in the ratio of l;2:2-6. These were the 
average of a number of tests which were not earned out 
consecutively, and gave results which were quite close 
together for each variety of arc. It will be seen that 
there is a considerable variation in these, and'if the first 
method had been employed to investigate the safety of 
the box, or if a spark had been used, it is quite possible 
that the, apparatus would have been actually unsafe 
although it survived the test. It would appear that the 
explosive pressure produced has a defimte bearing upon 


the safety of the apparatus, for not only must the dis¬ 
ruptive strength of the enclosure be adjusted to resist 
the maximum pressure, but the transmission of flame 
through tlie relief apertures would also vary approxi¬ 
mately with the pressure produced. My own opinion is 
that the igniting means should give at least as high a 
pressure as that which can occur with the standard 
apparatus. In connection with these tests it is of 
interest to record that the explosion pressure pmduced 
with the contactor when closing the circuit—the ignition 
being due to the small arc formed by the usual rebound 
of the moving contact through about -g^g-in.—^was at 
least as high as that developed by the breaking of the 
current, producing an arc originally fin. in length, 
which was stretched out to extinction by the magnetic 
blow-out. Some observations in connection with the 
use of relief apertures are perhaps worth describing. 
One of the most convenient methods employs a large 
number of small holes drilled in metal between 1 in. 
and ^ in. thick. As the result of varying the 
number of holes and testing each variation, I have 
found that the explosion pressure is approximately in 
inverse proportion to the square root of the number o 
holes. In connection with ironclad oil switches, there 
is sometimes a diaphragm in the explosion chamber, 
separating the tank frofn the box containing the trip 
mechanism. With the volumes of these chambers 
approximately in the ratio of 1: 3, and firing first in 
the smaller chamber, it was found that the explosion 
pressure was approximately twice that of a similar 
explosion in the box without a diaphragm. I have 
carried out a number of tests to ascertain whether the 
position of the holes has any effect on the relief, as one 
or two early tests seemed to indicate that the box 
behaved somewhat like a Chladni disc, having nodes 
\nd antinodes representing the positions of maximum 
and minimum pressure relief. Sets of 100 1-in. holes 
were located on various representative portions of the 
box, but no pressure-change with different positions of 
the holes was observed. This box contained a diaphragm 
as described above, the holes being located in the 
larger compartment. 

Mr. F. Forrest: A great deal of attention is now 
being given to the use of pulverized fuel for boiler 
firing in electrical generating stations. Although pro¬ 
cess in this direction has been much greater in the 
United States and on the Continent than in this country, 
there is no doubt that many stations in Great Britain 
will install pulverized-fuel plants during the next few 
years. One of the risks attendant upon the use of 
pulverized fuel is the possibility of an explofeion occurring 
if a naked light or an electric arc is brought into intimate 
contact with a quantity of this fuel which may, due to 
leakage from the fuel containers, be blown out into 
the atmosphere. The author states that the cloud must 
always be dense before the mass of dust could transmit 
an explosion, and Fig. 1 indicates that with about 
7 J amperes at 250 volts a dense cloud would be ignited. 
How dense the cloud must be before there is a risk 
of explosion is very difficult to define, but if the author 
r-an give some information on this point it would be of 
great interest to those who.are considering the use of 
pulverized fuel for ^ower station work. 
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Mr, W. W. Wood: From an examination of Fig. 9 
it would appear that for each voltage and frequency 
there is a certain safe current limit, and below this 
limit the interruption of the circuit by even a slow-break 
open switch will not fire an explosive mixture of methane. 
I am not clear, however, as to how far the method of 
suppl 3 dng the current affects the result, and I wish to 
raise the following points i (1) Assuming that a safe 
current (say, for example, 130 amperes at 20 volts and 
160 periods) is being supplied from a step-down trans¬ 
former and that the current is interrupted by a slow-break 
switch in an explosive mixture of methane, can we be 
certain that this will not cause an explosion ? (2) Assum¬ 

ing that a similar safe current is being supplied from a 
transformer and that there is such resistance or reactance 
in circuit that the current cannot exceed the safe limit 
determined from Fig. 9, even on a short-circuit of the 
supply, can we take it that an open short-circuit will 
not fire the gas ? If such safety can be assured then 
there are many cases where small transformers could 
be installed in safe places underground and used to 
supply lights in places where electricity could not be 
used under ordinary conditions. Although the safe 
current is equivalent to only a small amount of power, 
and the available amount of power for the lights 
would be further reduced by the resistance or reactance 
necessary to limit the short-circuit current to the safe 
figure, nevertheless there are cases where the possibility 
of giving light in this way would be of considerable 
advantage. 

Mr, R, Orsettich: The investigations described in 
the paper are exceedingly interesting to manufacturers 
of electrical apparatus, in so far as they give a clear 
insight into the conditions which bring about the 
explosion of gases when such apparatus is installed in 
coal mines. The position with regard to manufacturiag 
such apparatus is as follows : On one hand the mining 
industry requires the supply of electrical machines which 
must, therefore, be produced by whatever knowledge 
of the conditions is available ; while on the other hand 
the Mining Regulations issued by the Home Office, as 
embodied in the Coal Mines Act of 1911, put very severe 
restrictions on the use of apparatus in coal mines, and 
particularly in such workings where Regulation. 132 
applies. This Regulation states that apparatus must 
be such that no open sparking is possible. The Apt, 
however, does not define clearly what open sparking 
means, does not fix a limit to the application of the 
Regulation to any output given by the apparatus, and 
at the same time requires a guarantee to be given by 
the makers that the apparatus is suitable for working 
under the above conditions.. A restriction of this kind 
would be almost equivalent to the abolition of electric 
applications in workings where gas may be present, and 
the only Regulation which helps matt^ at all is that 
which states that as soon as gas is present to an extent 
of Ij per cent the electrical supply must be cut oil. 
Manufacturers have been busy for a considerable time 
with the framing of some additional rules to define the 
above points, which at the same time would be acceptable 
to the Home Office authorities. Although the framing 
of these rules is not complete, machines have to be 
supplied, as required by the mining industry, and it is 


left, therefore, to independent manufacturers t<\ satisfy 
themselves that the machines axe suitable to the best 
of their knowledge. The first step was totally to enclose 
the machines, both d.c. and a.c., in order to endeavoiir 
to exclude gas. It was soon found, however, that this 
was an impossible task because. So matter how tightly 
the enclosures are maSe, gas will enter tlie machine 
through ** breathing,*' caused by the expansion and 
contraction of the air contained in the machine. It was, 
therefore, necessary not only to make the machine 
totally enclosed, but also to make the enclosures suffi¬ 
ciently strong to withstand a pressure of about 130 Ib./sq. 
in. which would be produced by an explosion, and also 
the shock due to this pressure being suddenly applied. 
The use of cast iron for the enclosure of such machines, 
especially for larger sizes, was soon found to be imprac¬ 
ticable, and resort had to be made to cast st^el in order 
to obtain the necessary strength without excessive 
weight. The use of cast steel for all parts of the 
enclosure, such as bearing brackets, covers, inspection 
doors, etc., would not only increase the cost of the 
machines but would also make their delivery impossible 
in most cases, seeing that such parts are not stocked 
and that the quantities required are subject to a varying 
demand. In getting out such designs some additional 
points must be taken into account, such as the possibility 
of an explosion blowing out the oil from the bearings, 
and thereby causing firing of bearings through want of 
lubrication, also the possibility of dust being ignited 
where small gaps would allow the gas to escape. About 
the year 1907 investigations with various types of relief 
openings were made in Germany, and as a result the 
German system of enclosure was developed. This 
consisted in providing a number of circular or square 
openings in the casing; the periphery of each opening 
was fitted with a number of multiple gaps, consisting 
of thin brass plates placed a small distance from one 
another, the cover of the opening being solid. Such 
enclosures work quite satisfactorily, and the gas ignited 
by an explosion can escape tlirough the gaps and is 
cooled sufficiently in passing along the plates to become 
harmless to any gas surrounding the apparatus. The 
main defect of this system, apart from the fact that the 
plates can be easily damaged, is that coal dust settles 
between the plates and closes the gaps and that such 
coal dust can be ignited by an explosion. The policy 
adopted by my company in producing enclosures for 
motors for mining work has been, first, to make them 
in such a way that the pressure inside should not exceed 
30 or 36 Ib./sq. in.; and secondly, that the relief valves 
used should be made in such a way that whilst cooling 
the gas they should always be vkept free from dust, 
thereby avoiding danger of outside ignition. The relief* 
valves consist of thick steel plates through which a 
number of very small holes are drilled, the ilumber of 
holes and the area of the plates being proportionate to 
the volume of gal contained in the machine. A spring 
lid is fixed on top of the relief valve and is made to 
open under the pressure of the gas from tlae inside. 
The apparatus made in this way is tested by exploding 
a mixture of methane or pentane inside the machine 
by means of a sparking plug, and a test is made by 
'endeavouring either to ignite some guncotton or petrol 
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fumes ^outside the apparatus, or else to enclose the 
a;pparatus in a second chamber which is itself filled with 
an explosive mixture. Already a large number of 
machines have been tested in this way, and a certificate 
is issued with the machine stating that it has passed 
the explosion test satisfactorily. 

Mr. G. M. Harvey [communicated ): In considering 
the influence of frequency, the author says nothing as 
to the material of the electrodes, except that they are 
of metal, and gives no explanation of the use of iron and 
nickel in Fig. 8. A curve for zinc would have been of 
greater interest, since the armouring of a cable is 
invariably of galvanized-iron wires. It would be of 
interest to •learn whether the author has found the 
so-called " non-arcing ” properties of zinc to affect 
the production of ignition. The author states that he 
has succe^ed in firing gas by the sparks from a grind¬ 
stone. This is specially important, since I understand 
that other investigators have completely failed to obtain 
ignition by this means. With regard to the devices 
described on page 484 for absorbing the discharge of 
energy from the windings of a bell, most of these possess. 
the chsadvantage that they may accidentally become 
inoperative, leaving the circuit in a dangerous state. 
In a system which I have recently patented, self-induc¬ 
tion is entirely eliminated from the signalling circuit 
by introducing a thermionic valve" as a relay. The 
circuit that is closed to give the signal is the filament 
circuit of the valve, while the anode current operates a 
sensitive, flame-proof relay and rings the bell. The 
note on page 486 as to the (flfficulty of procuring ignition 
by hot tungsten filaments is most comforting, but I 
would ask whether the author has investigated the 
possibility of ignition by the breakage of gas-filled 
lamps—a somewhat different case. The explanation on 
page 488 of the droop in the curve shown in Fig. 7 is 
somewhat difficult to grasp, and, although the author 
states that the circuit broken was non-inductive, I 
would ask whether this was actually and literally the 
case, since the effect would appear to be rather one of 
resonance, the natural frequency of the circuit being in 


North Midland Centre, 

Mr. M. Wadeson: There is no doubt that the use 
of electricity in mines is steadily increasing, and it is 
to researches such as those described in the paper that 
one must look for information as regards the prevention 
of the occxurence of dangerous circumstances. It is 
generally on such work that regulations are framed 
—not always wisely—and one of the striking points 
Vhich the author brings out is that direct current is 
much more dangerous to use than alternating current. 
Unfortunately, in most of the installations in which 
direct current has been used, the equipment has been 
installed in the most dangerous way, ^because this was 
generally done before the Regulations which are now 
in force for such installations had been drafted. I have 
seen a number of d.c. installations, and in many instances 
they were equipped with an ordinary open-type switch¬ 
board below ground, with the ordinary pattern of 
m-type circuit breaker mounted on the board. After 


the neighbourhood of 360 periods. This would be 
possible for very small values of L, although a somewhat 
large capacity would be required in the circuit. The 
voltage-rise might then be sufficient to ensure that the 
energy discharged at break would correspond to the 
dotted portion of «the curve. However satisfied one 
might feel as to the safety of lighting the coal face with 
high-frequency current, it is to be feared that the prac¬ 
tical difficulties of the scheme would be insuperable. 
A trailing cable suppl 3 dng a coal-cutter, and lying in 
coils about the face, is bad enough, but if each man is 
to have a trailing cable attached to his lamp great 
confusion would result. The question of increased 
illumination at the face is one of extreme difficulty, 
owing to the total lack of reflecting surfaces. The present 
electric safety lamps of 1 c.p. are often trying to the 
eyes, and if an 8-c.p. lamp is to be placed in the lantern 
the concentrated light would certainly cause a glare 
which would be injurious to sight. To diffuse such a 
light at all adequately in such a small space as the 
lantern of a safety lamp would be almost impossible. 
Illumination by means of ordinary mining-t^^e well- 
glass fittings, wired with armoured cable, and provided 
with frosted well-glasses, the whole arranged so that 
it can readily be advanced with the face, would be a 
much more satisfactory method but is at present 
prohibited by the Mining Regulations. With regard to 
electrical oscillations in cable sheaths, experiments 
which I have recently made show the impedance of th 
armouring of a cable to be lower than that of a plain 
tube, instead of higher as stated by the author. That 
the danger is a real one is shown by a case which has 
come to my notice, in which sparks are alleged to have 
been seen running along the armouring of single-core 
cables on a d.c. supply controlled by oil-break switches, 
when heavy currents were broken. The greater part 
of the paper appears to be a distinct challenge to the 
supporters of the thermal theory of ignition, and their 
reply will be of great interest. 

[The author's reply to this discussion will be found on 
page 609.] 

AT Leeds, 18 March, 1924. 

wljat the author has said, it can easily be realized that 
if gas had been present there would have speedily been 
an explosion. I have found that on a.c. installations 
it is generally best to rely upon a high-pressure supply 
with some form of leakage trips to give the greatest, 
freedom from breakdown. When a fault does occur 
the whole supply is cut off before any open sparking 
occurs. I think it can be said that the loss of life in 
coal mines from accidents of every land which can be 
attributed to faulty appliances—or rather, I should 
say, defective appliances or faulty practice—has been 
steadily decreasing, but accidents due more particularly 
to the human element have not shown any such decrease. 
Very often where suitable precautions are taken to 
safeguard the use of electricity, the human element 
speedily puts those precautions out of operation. 
Electricity underground is generally tandled by men 
who are unskilled in its use, and one of the first essentials 
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is the •training of such men to understand what to do 
and what not to do with the apparatus. The apparatus 
must, of course, be made as safe to work and as fool¬ 
proof as possible. Under the head of accidents largely 
due to the human element come those which are con¬ 
cerned with haulage, and the author points out that 
the more efficient lighting of the main roads at those 
points where men are employed is undoubtedly a great 
factor in reducing such accidents. In addition, it is 
more efficient in saving time and congestion. As to 
the suggestions that the author makes with regard to 
the lighting of the coal face, of course the present 
Regulations would need to be amended before that would 
be allowed. But if his researches were to bring about 
such a state of affairs, I think that the coal-mining 
industry would owe the author a very heavy debt. One 
of the great economic burdens which the industry now 
has to bear is that due to the disease of the eyes known 
as miner’s nystagmus, and it has been almost unani¬ 
mously agreed that the primary cause of that disease 
is inefficient illumination, more particularly at the coal 
face where the illumination is Ibw and the absorptive 
power of the coal is high. In an abstract of a report 
on signalling with bare wires, it was stated that trans¬ 
formers should not be used for bare-wire signalling. In 
the technical Press there was a letter written by the 
Chief Engineer of the Powell Duffryn Steam Coal Co., 
in which he took exception to that statement and said 
that he had found that transformers were not only 
more reliable but were safer to use than batteries. Does 
the author think there is any other objection to the 
use of transformers than the fact that the low-pressure 
winding may be charged to high pressure ? This can, 
of course, be avoided by the introduction of an earth 
shield between the windings. 

Mr. R. Holiday : I feel that the apparatus mention^ 
in the paper may work perfectly well in the laboratory 
or in tile hands of a skilled workman. In practice, 
however, a couple of thousand of the lamp gas-indicators, 
say, would have to be brought out between 2 o’clock 
and 2.30 and placed in the lamp room where half a 
dozen boys would dismantle them for cleaning. What 
would be the condition of the little batteries and bulbs 
in the course of a week or so ? One must look at these 
things from the practical everyday point of view. The 
collier does not, as a rule, like a new thing. I was^ a 
pioneer in introducing a number of things for electrical 
work at collieries, and I found that if one has sufficient 
enthusiasm and also sympathy with the conditions under 
which the man worl^, and lets him find out (though 
it takes time) that one is really wishful to make things 
better for him, he will finally agree to use what he 
calls the “ new-fangled ” thing. It 4 possible that if 
the indicating device of the lamp were made of a stronger 
pattern, the men might be led to realize that it was 
to their benefit. I think that the tendency nowadays 
is to adopt the electric type of miner’s lamp and graduaUy 
to displace the oil lamp, which possesses all sorts of 
disadvantages. My own opinion is that the alkaline 
cell will be used in the future for mine lighting. Before 
the war we decided, because our oil lamps did not 
comply with the new Regulations, to install an entirely 
new set of lamps, and I came to the opinion that the 


alkaline type of cell was the best. A short tijpie ago 
one of these cells which was delivered 10 years ago 
was unpacked and found to be in perfect condition. 

I do not think that any acid cell would have retained 
the charge for such a period. With regard to the 
arrangement given in the paper* for connecting on to 
a cable at the coal face, it has to be remembered that 
in this district, with the thick seams, there are not 
hkely to be so many coal-cutters. The coal-cutter is 
peculiarly of advantage in the thin seam where the coal 
is cut small by the men in order to undercut it: 25 per 
cent of the seam may be broken into small coal in 
under-cutting where the floor or top is too hard to be 
cut by the pick. In districts where there are thin 
seams the coal-cutter is of great advantage, but there 
does not seem to be any call for it in the thick seams, 

I hope that research work such as that described in the 
paper will induce colliery proprietors to give new 
methods a trial to enable those who have done the 
foundation work to suggest improvements to make 
apparatus of real safety. I feel that there is at present 
too great a tendency to impose new rules on collieries. 
For example, at the collieries with which I am connected 
we recently converted the whole of the plant under¬ 
ground from direct current to tliree-phase alternating 
current at 3 000 volts. That is the third time that the 
installation at that colliery has been altered to comply 
with new regulations. 

Mr. H. Moss : The author has raised a good many 
points of vital interest to the mining engineer and the 
mining electrical* engineer, but there is one thing in 
particular that strikes me in connection with his remarks 
in regard to safety lamps. Is it suggested that the 
little signalling device with the red lamp inside should 
be used by all the miners, or only in isolated in¬ 
stances or in certain districts where the lamp is to 
be made permanent during the day’s work ? The 
author suggests in one case that a bell could be con¬ 
nected, and I hardly think he means that the miner 
should walk about all day with a lamp with a beU 
attached to it. I assume that that particular lamp 
would be hung up in what would be called a gaseous 
or semi-dangerous position where gas was likely to 
appear. I am particularly impressed by the fact that 
the higher the periodicity the safer it is from the point 
of view of ignition of inflammable gas that may , be 
present in any particular district. I understand that 
a plug switch is used in connection with the lighting of 
the coal face, so that the lamp cannot be withdrawn 
until the switch inside is broken. If that method were 
adopted I take it that in each section of the coal face 
the suggestion is that one of these batteries should be 
installed in that position so that the miner could attach * 
his lamp to it by a suitable length of flexible cable 
and get a much better illumination at the working face. 
That would add considerably to the expense of electrical 
equipment in thfe mine, and it would entail carrying 
batteries back to the surface each day to be charged, 
or, if the supply were alternating, special cables to 
charge the batteries at suitable depots in the mine. 

I should be glad if the author would say whether the 
apparatus which he describes is in use in any particular 
mine in this country, and whether he can give any 
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figures as regards increased production that has been 
obtained by increased illumination at the coal face. 

I gathered from his remarks that this country is very 
much behind Japan, for instance, and one wonders, 
if electricity has all these advantages in the mine, how 
it is that mine-owner^in this country have not adopted 
it on a much larger scale th^n they have done. I 
agree with a previous speaker that it is important 
that at all junctions on the main haulage ways a very 
good light should be provided for the men and boys 
working there. This will minimize the risk of accidents 
caused by collisions with loaded trucks. In common 
with a previous speaker, I have had experience with 
open-type switches and starters, and every machine 
26 years ago was of the old-fashioned type. It is 
evident that the apparatus would not have been safe 
if there h§,d been any gas present in the mine. Coal¬ 
cutting in some mines was being done rather extensively 
26 years ago by compressed-air machines, and in the 
case of a gaseous mine one wonders whether, instead 
of taking the mains right up to the coal face and running 
coal-cutters by electricity, it would not be safer to use 
air-compressors driven by three-phase motors in what 
would be a safe district, and then to use compressed air 
at the coal face itself. 

Mr, J, D. Walford: Mr. Holiday, who is General 
Manager of the colliery company with which I am 
engaged, has covered many of the points to which I 
desired to refer. I should like to mention, however, 
that a great many collieries which have changed over 
to alternating current still use direct current for signal¬ 
ling on the main roadways. Is there any reason why 
we should not use alternating current for that purpose 
also ? 

Mr, G. W. Jenkins: I take it that the 160-period 
26-volt lighting system would be applicable to the 
roadways and haulage ways, but to my mind there 
appears to be some difi&culty about its use. Of course 
it would be a complicated system of wiring, and one 
could not possibly transmit power at 26 volts to lamps 
a good distance away. It would mean the adoption of 
a system of transformers, and in addition, I suppose, 
with existing plants at 60 periods, the installation 
of one or more frequency-changers. A transformer 
has, I think, been mentioned, and brought to notice by 
Dr. A. Russell, which is a sort of frequency transformer 
in which the triple harmonic is utilized, in which case 


one could obtain 150 periods on a 60-period system. 
I should like to know if the author is in possession of 
any information in regard to such a transformer. The 
statement is made in the paper that direct current 
generally is unsuited to mining work. Can the author 
say w'hat dangers gxe hkely to be experienced from 
sparking commutators, and whether there is great 
danger from explosions taking place at slip-rings, 
because sparking does frequently occur at slip-rings on 
starting up ? On one particular motor which I recently 
saw driving a haulage there were four brushes per 
spindle, and four spindles. Actually there was, on two 
spindles at all events, only one brush and in the other 
box three neatly-cut pieces of coal to act as brushes. 
This struck me as being rather dangerous. I should be 
glad if the author would say whether in his opinion 
there is a real danger of explosion from sparking in 
that case, or whether an explosion could only possibly 
occur in the event of, say, a complete flash-over. 

Mr. W. H, N. James : The author mentions that the 
circuits from which he obtained ignition were, in certain 
cases, non-inductive. The term non-inductive must 
be taken in a relative sense and I should like to know 
if any tests have been made using circuits having 
different degrees of inductance. Another point is the 
use of the term “ transient arc.*' Can the author give 
some idea of the duration of the arc covered by this 
expression and also say what influence the duration 
of the arc has on the minimum ignition current for a 
certain mixture ? The phenomenon of ionization from 
a hot electrode after the arc has gone out can be very 
well shown with an ordinary 10-ampere d.c. carbon arc. 
If such an arc is blown out and the air current main¬ 
tained for, say, 1 second, it will be found that the arc 
restarts immediately on Ike cessation of the air current. 
1^ regard to electaical endosmose, I think that the 
explanation given would have been clearer had it been 
mentioned that the water which takes part in the action 
must be positively electrified, and in this connection 
it may be noted that Mr. Evershed, in his paper on 

The Characteristics of Insulation R^istance," * stated 
that water was strongly electro-positive to practically 
all insulating materials. 

[The author's reply to this discussion will be found on 
page 609.] 

• Journal LEJS.f 1914, vol. 52, p. 61. 


Scottish Centre, at Glasgow, 9 April, 1924. 


Mr. S. Mayor: The author has been a pioneer in 
•research into the phenomena of electric ignition, and 
the,work upon which he has been engaged has very 
great economic as well as scientific and humane impor¬ 
tance. He has had opportunities of investigating these 
phenomena under below-ground conditions and of 
examining the conditions in the mine after most of the 
serious colliery disasters in this country during recent 
years. The paper has appealed to me p^icularly in 
connection with the safe use of high-frequency current 
for underground lighting. The miner's safety-flame 
hand-lamp is deplorably inadequate as a means of 


illumination, and the miner normally works in semi¬ 
darkness. The electric hand-lamp has to a considerable 
extent improved* the conditions, and the result of its 
use is to increase the miner's output by something like 
10 per cent. We must go further than that, and the 
extremely interesting suggestion to use high-frequency 
current in order to make sparking innocuous opens up 
a new vista. The author refers specially to the impor¬ 
tance of better lighting in the roadways. That, I think, 
though important, is secondary. At present the nodal 
points of haulage, at least in the intake airways, are 
fairly well lighted, but to my mind it is much more 
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important to Lave improved lighting at the working 
face. In these days of intensive mining, men are 
grouped in considerable numbers at a comparatively 
short length of face. This is a complete departure 
• from the conditions in which men work individually 
or in pairs at considerable distances apart, and in which 
the use of individual lamps is unavoidable. Nowadays 
large outputs are got from short faces, and the illu¬ 
mination of these faces ought to be equal to the 
illumination of workshops on the surface where cor¬ 
responding numbers of men are employed. Not only 
is the work greatly facilitated by adequate lighting 
but the safety of the men is greatly increased. There 
are several places in Scotland where conveyer faces 
are illuminated by lamps of 26 candle-power each, at 
intervals of 10 to 12 ft. To be appreciated the effect 
must be seen and compared with the usual conditions. 
Anyone who has been near the return end of a conveyer 
face where a dozen or more men are working with open- 
fiame lamps knows how suffocating is the atmosphere 
and how low the visibility due to foul smoke. It is 
manifest that in abundant light and cleaner air the 
efl5.ciency. of labour must be greatly enhanced. In 
open-lamp pits the flood-lighting of conveyer faces not 
only is technically and economically feasible, but is 
with great advantage already practised. The maturing 
of the author's proposal will make available in safety- 
lamp pits also the immense advantage of flood-lighting 
of conveyer faces. I should like to refer for a moment 
to the author's very ingenious combination of an 
accumulator and a transformer in a miner's electric 
lamp. One limitation of the use of this device is that 
when the electric coal-cutter is stopped for adjust¬ 
ment the switch at the gate-end must be opened, 
and in such a case the transformer would be out c^f 
action ; although the light from the battery would be 
available the superior light from the power circuit 
would be unobtainable at the time when it was most 
required. 

Professor F. G. Baily; I am very interested in 
the account of endosmose, which I should like to hear 
very much more fully explained by the author. It 
throws considerable light on many of the difficulties 
which cable manufacturers must have experienced, and 
why cables last much longer than would be expected 
from experience in other cases. . Cables with oiled paper 
were invented some years ago. Such cables were used 
in house installations, and some had lasted for 26 years 
although badly installed. On page 488 the author 
points out the very great effect of oxide. It seems 
to me that possibly if the surface is oxidized, and the 
arc is broken between the oxidized surfaces, the oxide 
will become rather more heated than the pure metal 
would be, the arc would break through the oxide and 
heat it in passage, and that heated oxide would be 
more capable of igniting the gas than would the metal, 
and would of course retain its heat longer. It is rather 

The Author's Reply 

Professor W. M. Thornton {in f'Bply) : I entirely 
agree with Mr. Sparks that it is one of the most striking 
features of coal mining that accidents from causes 


a different suggestion from the author's and I should 
like to hear his opinion of it. 

Dr. S. Parker Smith: What I feel with regard to 
much of the flame-proof apparatus now available is that 
it is not properly used and cared fbr when underground. 
This doubtless results in many accidents. In con¬ 
sequence of such misuse or carelessness, the maker's 
effort becomes valueless. In response to requests. 
Prof. Bums and I are arranging a laboratory at the 
Royal Technical College for the testing of flame-proof 
apparatus. With regard to the breaking of the current, 
can the author tell us if the arc could be made less 
dangerous by having two switches in series as is done 
in certain classes of apparatus ? The ideal would of 
course be to avoid the need of flatne-proof apparatus 
by arranging that under no conditions whatever could 
an explosion occur. 

Professor G. W. O. Howe: In connection with 
endosmose, I believe I am right in saying that in the 
conduit tramway system in London, where there 
are both positive and negative conductor rails in the 
conduit, the polarity is systematically changed over at 
regular periods, because the negative conductor gradu¬ 
ally gets damper, whilst the positive becomes drier. 
When the change-over is made, the one that was 
wet gradually dries and the other one gets wet. I 
can say nothing from experience about the practical 
application of the appliances mentioned by the author, 
but I am very much interested in the scientific aspect 
of many of the problems put before us. The whole 
subject of ignition and explosion seems a great mystery 
and opens up an important field calling for further 
investigation and research of a fundamental character. 
The curves shown in Figs. 7 and 8 are particular^ 
interesting. One would expect that as the freqtxency 
is increased the chances of explosion would grow less 
and less. I did not follow the author's explanation 
of the depression in the curves, and I should be very 
pleased if he could make it clear. 

Mr. F. Anslow: It would be interesting to know 
how the author gets 160 periods from the ordinary 
coal-cutter supply, which is usually at 26 or 50 pei'iods. 
It is well known that, under present conditions, elec¬ 
tricity cannot be taken to certain places in a mine, 
but if the author's apparatus can be made satisfactory 
this regulation might be altered. In this connection 
I have recently had occasion to watch with particular 
interest the development of a special type of lamp. 
This is designed as a self-contained unit, operated by 
an air turbine driving a small generator, which is con¬ 
nected directly to the lamp contained in the same 
fitting. The periodicity is, I believe, somewhere in the^ 
neighbourhood of 400, and is thus well above the figure 
referred to by the author. The lamp can be <?onnected 
to any compressed-air system underground, and can 
be used with perfect safety in places where electricity 
is not permitted. 

TO THE Discussion. 

which on investigation are found to be always present 
occur so seldom. There is a natural high factor of 
safety in mining operations, and if we could overcome 
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the mechanical risks due to falls of roof and on haulages, 
coal-mining would be much safer. I am glad to hear 
that Mr. Sparks does not look unfavourably on the 
proposal for improved lighting by low-voltage high- 
frequency current. Ais mighty well be tried in a mine 
where there is no gas, and the experience gained could 
then be applied to the case of fiery mines. If we are 
to eliminate horse haulage there must be better lighting 
on roads, for a horse can be stopped quickly where there 
is a slight fall or risk of damage, whereas mechanically 
hauled tubs cannot. 

In reply to Mr. Nelson, my view of face lighting is 
that it can Be done in two ways, by a fitting on or small 
extension from a coal-cutter to which supply is already 
made, or by a system similar to that now used by Mr. 
Mavor in non-fiery mines, the lamps being strung along 
a cable supported at the roof. This is found practicable, 
and satisfactory in the cases tried, and I believe that 
there will be no insuperable difficulty in extending it. 

Mr. Horsley has himself suggested the remedy for 
those long-continued arcs which bum through insulation 
and when they occur are the most dangerous forms of 
open sparldng. Automatic trip-gear has of recent 
years reached a high state of perfection and there 
should be no case where such gear is not applicable. 

Mr. Melsom is right in regarding dry earth as an 
insulator, and it is for this reason that continuity of 
armouring to bank is now essential, but as most earths 
are at the surface and as for several feet down the earth 
is usually moist it is customary to regard contact to 
earth as dangerous both for shock and fault leakage. 
The earth plate shown requires watering once in several 
months in summer; in winter not at all. The truth is 
that earth currents are confined to a relatively thin 
layer on the surface of the ground. The order of 
resistance obtained from the earth plate is a fraction 
of an ohm under the best conditions. Mr. Higgs sug¬ 
gests that coke would be better than gravel for the 
fillings. This is only suggested as a top layer and 
personalljf I regard coke breeze as a bad thing near 
earth plates if it can be avoided. In regard to the 
influence of capacity and inductance I would refer 
Mr. Higgs to the list of papers given below at the end 
of my reply to the discussion. Capacity and inductance 
are of the first importance in such transient phenomena 
as those discussed in the paper, and in these experi¬ 
ments every precaution was taken to keep both of them 
below values which begin to have a perceptible effect 
on ignition. 

I agree with Mr. Selvey that there are no risks in 
the use of electricity underground that cannot be 
^remedied as soon as they are known. It was the object 
of the work described in the paper to explore ground 
which had not hitherto been examined, to find risks 
before a great disaster called attention to them. The 
apparatus that I have in mind to obtain high-frequency 
current is a Dykes transformer described on page 663 
of Dr. Russell's ''Theory of Alternating Currents." 
This four-core transformer enables a supply at any 
frequency to be superposed on a three-phase system 
*or use wherever it is tapped by a similar transformer. 

Mr. Hunt indicates a very wide field of investigation. 

le thing greatly desired is to generate electricity 


straight from coal without the intervention of the 
secondary thermal processes which accompany combus¬ 
tion. It is agreed that the first act in combustion is 
" activation" or ionization of the combining elements. 
This is an electrical process, and some further knowledge 
of the electrical phenomena accompanying combustion 
is to be desired. The curves in the paper show that 
the effect, though not simple, is regular. 

Mr. Morgan raises the important point of the high 
voltage obtained on magneto instruments. If open 
sparking can occur on these they undoubtedly require 
to be examined, and as the armatures of such machines 
have a high inductance their use might prove to be 
risky even though the currents are small. As to earthing, 
I see no objection to having eaith connections under¬ 
ground wherever possible in addition to the regulation 
earth at bank to which all cable sheaths are bonded. 
If the machines are (as is usual) star-connected it makes 
no difference whether the neutral point is earthed or 
not so far as circulating currents are concerned, but 
faults are more easily detected when it is earthed. 
It is not " putting a premium on breakdowns " to earth 
the neutral, but providing a path for leakage currents 
to the trip gear. 

The system suggested by Mr. Myer is practically 
that used so largely in California for dust deposition, but 
dust is stirred up so often in a mine that no device would 
be practicable, nor could its insulation be maintained. 

Mr. Midgley raises the question of ignition of coal 
dust by sparks. JL think that with pulverized coal, as 
distinct from coal dust, there might be occluded gas 
released and accompanying the dust which would make 
the dust more inflammable, as indicated in Table 1. 
There is no doubt that electrostatic sparks can be 
obtained from clouds of dust of this kind, but not 
enough to ignite dust free from gas. 

Mr. Dance has pointed out one of the great risks of 
enclosed machinery with divisions giving two distinct 
volumes. An explosion in one may, and does, raise the 
pressure in the other before its explosion, so that the 
resultant pressure is raised above the 1101b. usually 
taken as a maximum. The maximum pressure is not 
proportional to-the initial pressure. The relation can 
be written as follows : The ratio of pressure-rise equals 
unity plus the ratio of the rise of temperature in explosion 
to the temperature before ignition. This added ratio 
diminishes as the compression increases. There is no 
doubt that the modern lamp with a high-temperature 
filament ignites gas more readily than one with lower 
temperature. This has been shown by researches by 
Clark and Ilsley at the Bureau of Mines, XJ.S.A. 
(Bulletin No. 131). 

Mr. Morton is, I* venture to think, malong a not 
uncommon mistake when he suggests that a trip gear 
at a distance may operate less quickly than it would 
if near by. It is not easy to,realize that electrical 
action due to a fault or break of cable is almost instan¬ 
taneous—certainly within 1/200 000 sec,—over any 
mine system. I am not in favour of bitumen cable 
except for alternating current and under conditions 
where the rise of temperature is small, 

I would refer Mr. Bolton Shaw to a paper on "The 
Ignition of Gases by Hot Wires ** (see the end of my 



ELECTRICITY IN COAL MINES: DISCUSSION. 


611. 




reply) for an answer to his question as to the influence 
of diameter of filament on ignition. Metal-to-metal 
sparks are, I believe, less dangerous than those between 
metal and stone, but I have not made experiments on 
this myself. The first earth plate njjade on the lines of 
Fig. 10 was of galvanized cast iron. It was substantial 
but unduly heavy for the work, and later ones were of 

in. galvanized iron. How long they will last remains 
to be seen. They will carry very large currents. 

Mr. Vernier has most convincingly stated the case of 
alternating versus direct current on cables, and since 
this is, after all, the part of the electric system in mines 
where risk is most likely to occur at the present time 
with flame-proof gear coming into general use, his 
opinion must carry great weight with mining engineeirs. 

The curious case mentioned by Mr. Fisher of bells 
being burnt out is, I think, one of what was called in 
the war ‘* earth induction.'* The stray currents between 
two earthed points carrying a heavy short-circuit on 
the surface might well spread, or even be led by shaft 
lining and rails, so as to give a destructive gradient 
even at 120 fathoms. Mr. Fisher's experiments are 
very interesting. I venture to thinlc an arc of 60 
amperes or so sustained for several seconds on a 3 000- 
volt line might have the nature of an explosion, but this 
rarely occurs in a confined space. The danger from 
sparking at haulage ropes, due to imperfect earthing, is 
at least as great as that from bells in the old days. 

In reply to Mr. Schuil, the pressure is between 100 
and 110 Ib./sq, in. when the initial pressure is atmo¬ 
spheric. Dr. Wheeler's recent experiments on the 
cooling produced by flanges confirm in every way the 
development of flame-proof gear by simple machined 
flanges first developed by Mr. Schuil for Messrs. 
Reyrolle & Co. ^ 

The point raised by Mr. Grover is, I take it, this: 
The gas in such percentages is not inflammable and 
is therefore not the first source of the explosion. The 
dust is ignited as before by arcs though not by sparks, 
but, when it begins to bum, the air around each particle 
containing gas feeds the flame exactly as gas feeds the 
flame in a safety lamp. 

I am glad to have Prof. Poole's approval of the 
lamps shown, and of the suggestion to obtain more 
light. No one knows better than he the conditions 
under which coal-mining operations are carried out,* 
and tlie necessity for continued investigation. As re¬ 
quested, I have added, at the end of my reply, a list of 
the papers which more or less led up to this. An 
electric safety lamp has been devised vrhich will indicate 
the presence of pit gas, but it is not at present 
sufficiently robust for use in a pit. It indicates about 

per cent of gas in a few seconds. 

In reply to Mr. Anderson, no one appreciates more 
than myself the value of the work done at Eskmeals 
by the Mines Department. My point is that, apart 
from the research work proper, there are from time to 
time large-scale demonstrations arranged which seem 
to me to be designed to bring home to mining men, 
who might not otherwise realize the magnitude of the 
points at issue, the great dangers which may arise 
from ignited coal dust. With regard to concentric 
mains, which should be prohibited, I fully agree that 


the best solution in dealing with such systems is to 
carry the connection to the motor from a gate-end 
switch by a three-core truly flexible cable—^not a stiff 
and unwieldy semi-flexible concentric trailer. The best 
way to deal with hollow fittings which may "breathe" 
is, in my opinion, to mal^e the safety outer covers fit as 
closely as possible to the protected part and so have a 
small volume of inflammable gas. With such small 
spaces a flange with ^in. to fin. would be safe. The 
cases of sparking mentioned by Mr. Anderson show the 
necessity for a common-sense revision of some of our 
special rules. 

In reply to Mr. Bolton Shaw, the curves of Fig. 9 
will be understood if it is noticed that at voltages of 
60 and less the lines go up very steeply; they become 
in effect straight. Fig. 9 is the result of septate and 
much more difficult experiments. It is not easy to 
control by flexible leads currents of hundreds of amperes 
attached to moving contacts, nor is it easy to repeat 
the work in the presence of coal dust, though it will 
have to be done before the suggested scheme of lighting 
is approved. I am glad to hear that the cost is not 
likely to prove prohibitive. The frequency-changer I 
have already dealt with in my reply. The system of 
wiring proposed at the face is by contact blocks with 
short leads to the plug, or switch contacts on coal¬ 
cutters. This will not interfere with movement behind 
the coal-cutters and, as Mr. Bolton Shaw remarks, the, 
small added inconvenience of such leads would be more 
than balanced by the gain of safe illumination. 

In reply to Mr. Lee, I think that another paper must be 
written dealing with the proposed means of face lighting. 
This is rather beyond the scope of the present paper. 
There is no objection to bare-wire signalling on battery- 
bell circuits if the bells are provided with shunts or 
sleeves or parallel windings to suppress inductance 
sparks. The earth plate is made in. thick because 
greater thicknesses are not necessary for the purpose 
of earthing. 

The point raised by Mr. Buchanan is interesting. I 
have shown elsewhere that ignition is not proportional 
to the. power of an arc. The fact that lower-voltage 
circuits have, as a rule, lower impedances is in their 
favour. Inductance always makes ignition easier. 

I welcome Mr. Corlett's valuable criticism. He is 
right in assuming that the suggestion to use a higher 
frequency applies to lighting alone. I do not believe 
that there would be any marked gain in safety for 
machines. By mechanic^ accidents I mean those not 
directly electrical, such as by shock or explosion. I 
should be the last to derive a general conclusion from 
one experiment, and that on the breaking of a cable 
by a wedge is only given as a single instance of a test 
made for a purpose. Mr, Corlett says that gas frecfuently 
comes into a place without warning. There is then the 
greater reason for the use of warning lamps such as. 
those shown. As to the flame from a heavy short- 
circuit inside a switchbox, I have known the cover of 
an enclosed switch of the old wall type in a mine to be 
blown from its bolts and shattered by a short-circuit 
in a haulage house a long way from bank. In such 
cases there is nearly always a prolonged arc and heating 
of the metal. The system of frequency transformation 
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advocated previously would do much to make the 
difficult case mentioned by Mr. Corlett a more economical 
proposition rather than the motor-generators, frequency- 
changers and the double system of wiring, which is 
not necessaiy on th# Dykes scheme. 

In reply to Dr. Garrard, ra 37 *view of chemical action 
from the physical side is that, since all atoms are elec¬ 
trical, chemical combination must start by a change of 
electrical conditions—^probably in the valency electrons 
at their surfaces. Catalytic action is, in my opinion, 
only another name for ionic effects, which do not them¬ 
selves involve molecular change in the ionizer. The 
electrical inethods which have been devised for the indica¬ 
tion of gas in pits are unfortunately not in common use. 
They are capable of great sensitiveness, but are rather 
delicate ^d bulky as at present made. It is necessary 
to make use simultaneously of all methods for preventing 
open sparking or for lessening its danger. If this is 
done very complete protection is obtained. 

Mr. Angold is right in assuming the speed of brealc 
to be that usually met in an accident—a fairly rapid 
separation of contact. What may be called ** scraping 
contacts," i.e. slowly separated surfaces scraping at 
the points of separation, are the worst cases, but no 
two can be made alike. For the purpose of comparison 
of the influence of the various electrical factors which 
had not been previously known, a break was chosen 
which is a simple separation, without scraping, of 
current-carrying poles. 

I do not think that Prof. Cramp is right in assuming 
that the discharges were oscillatory. There is no evi¬ 
dence of high-frequency oscillation in any of the many 
oscillograms taken of these sparks. In one case special 
search-coils were wound around a cable for the purpose 
of examining whether such oscillations were present. 
This is referred to in section (9) of the paper. Prof. 
Cramp will find at the end of my reply, papers, especi^y 
the earlier ones, in which the various points he raises 
were examined, e.g. size and material of poles. One 
point of interest is that the least smear of mercury on the 
surface of a contact greatly increases the risk of ignition. 
The thermal theory does not account for this. 

Mr. Wilson is right in his view that the cable on a 
direct-current system which gives way from moisture 
is always the negative. I agree with him that the 
actual tests of flame-proof gear, though beyond the 
scope of this paper, should be made with plenty of 
power behind the electrical circuit. His observations 
of the relief methods in such gear are most interesting. 

In reply to Mr. Forrest, several severe accidents have 
occurred due to flame and arc ignition of dust in coal 
bunkers or on screens at collieries, and the U.S.A. 
Bureau of Mines has recently issued a report on the 
ignitioir of pulverized coal by transient arcs in which 
the conclusions reached in the first of the list of papers at 
the end of my reply are substantiated. As a rule the 
dust cloud must be very dense at the point of ignition, 
more so than in an extended explosion. 

Mr. W^opd is correct in taldng the limit to be that 
which when the current is alternating will not fire the 
mixture however slowly (within reason) the poles are 
separated. In answa: to his first question I would say 
''at, provided there is a time-constant of the order of 


1/1 000 sec., the circuit is safe. The reactance of a 
circuit is not at all a good means of limiting the current 
in these timing cases; a buffer resistance is much better. 

Mr. Orsettich is correct in contending that at present 
there is a margin of interpretation of the special rules 
for the use of el&jtricity in mines. Gas cannot be 
excluded from machines, but the tendency at the present 
time is not to encourage the use of high-powered 
machines where there is possibility of gas occurring. 
Relief valves are a convenient means of dealing with 
an established ignition. The object of the paper was 
to find the limits of ignition. 

In reply to Mr. Harvey, the materials of the poles 
have influence on break sparks but not on jump sparks. 
Bells with shunted windings have been running now 
for a good many years and on inspection show no signs 
of loose contacts. One might as well say that bells 
should not be used at all because their windings might 
break; one knows from experience that they do not. 

I doubt whether thermionic valve relays will come into 
common use below ground in mining, but the idea is 
most interesting. The drop in the curve of Fig. 7 is 
not due to electrical resonance; it was obtained from 
a number of different machines with presumably different 
electrostatic capacities, though these were not measured, 
but the conclusive argument that it is not electric reson¬ 
ance is that the curve reverts with remarkable sudden¬ 
ness to the original values continued. The practicability 
of face lighting is not a question of theory. It has 
been proved by Mr. Mavor, and instead of 8-c.p. lamps 
" certainly causing a glare injurious to sight" the reverse 
is found to be true. 

Mr. Wadeson touches one of the most difficult points 
in the use of electricity in mines, viz. the gradual replace¬ 
ment of obsolete machinery on systems. The general 
^consensus of opinion, apart from research, is that 
alternatmg current gives less trouble in mines and is 
altogether more convenient except where fine ^ speed- 
control is necessary. A system of signalling transform^s 
can be made safe by the use of non-inductive shunts 
of fairly high resistance at regularly spaced points 
along the line. To lessen the risk of faults between 
windings, an earth shield could be made to trip the 
primary circuit before, the low-pressure side was 
affected. 

♦ Mr. Holiday , does not like the electric warning lamp, 
and I agree that there would have to be a special lamp 
cabin and special treatment would have to be taught. 
But one of the other types shown would not meet with 
the objection of fragility. If these lamps come into^ 
use it will probably be found that the extinguisher type 
wfll be liked best and that the electric-warning type 
will be kept for use in places which require special 
watching when men are not present, as Mr. Moss asks. 
The bell for warning would of course be semi-permanent, 
at a gate-end for example. I am sorry that I am unable 
to quote a case of the installation of the high-frequency 
system or of the special lamp bases, but the Mavor and 
Coulson system has many features in common—^flood 
lighting at the face, for example—and the higher fre¬ 
quency could well be tested under appropriate conditions 
in a naked-light mine to obtain figures as to rehability 
and convenience. The proposal is too recent for such 
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a scheme to have be 6 a carried into practice. Several 
inquiries have been made, but the mines all have gas 
and the Mines Department has not yet been approached 
in the matter. 

In reply to Mr. Walford, alternating-current signalling 
is in use but requires safeguards due to the inductance 
of the circuits. The present position is that bare-wire 
a.c. signalling is not regarded as satisfactory. 

The transformer referred to by Mr. Jenkins is that 
mentioned in my reply to Mr. Selvey. Both com¬ 
mutator sparking and slip-ring sparking come within 
the danger limit of the currents examined; the only 
thing to do with such apparatus is to enclose it. 

The transient arcs mentioned by Mr. James have a 
duration of from 0*002 to 0*02 sec., depending on the 
voltage. The case he mentions of low-voltage arcs 
striking across a gap between hot carbons which would 
require when cold several thousand volts, is a decisive 
indication of the intense ionic activity in gases near 
red-hot poles. Water in endosmose behaves as if 
positively electrified, that is, the whole stream begins 
to move as soon as the field is applied. 

I am very glad to have Mr. Mavor's approval of the 
low-voltage high-frequency scheme of underground 
lighting. No one has done more than he for the improve¬ 
ment of colliery lighting, especially at the face, and all 
the advantages he claimed in cleanliness of air and 
efficiency of labour are undoubted. My suggestion to 
use the coal-cutter as the point of attachment was to 
save running lighting cables from the gate end, but if a 
marked advantage were obtained from the use of separate 
cables I have no doubt they would soon be adopted. 

Prof. Baily*s suggestion that the oxide might act as 
an accelerator, by reason of its higher resistance or 
temperature, must be considered. A thick film would 4 
undoubtedly have the effect which he indicates, but 
adsorbed oxygen would not, I think, lead to a measurably 
higher temperature at the point of break of circuit. 

In reply to Dr. Smith, I am strongly of opinion that 
electrical machinery underground requires more inspec¬ 
tion and general supervision than is commonly given 
to it. There is almost more in maintenance than in 
design. Two switches in series should be equivalent to 
halving the voltage-rise at the end, and this would help, 
though all power circuit-breakers are best kept within^ 
flame-proof covers. 

Prof. Howe calls attention to Fig. 7 and asks for a 
further explanation. I regard the drop in the curve as 
due to ignition of the gas by the hot metal exposed 
after the arc has been, cut off and before the hot spot 
where the arc has been has cooled down, as it does very 
rapidly. Ignition by white-hot metal, is, I believe, 
easier than by the surface of a flame of the same tempera¬ 
ture and area. As the frequency is raised, the current 
first has to be increased to reach the critical temperature 
of thermionic discharge activation and ignition while 
the arc lasts. The time of duration of each arc is 
inversely proportional to the frequency; and at the 
higher frequencies the faster the arc is shut off the 
quicker is the access of the gas to the white-hot metal, 
and the more easily ignition occurs. Here are clearly 
tlie conditions for a maximum. The argument that it 
is ignition from the hot metal that causes the dip is 
VOL. 62. 


that as the frequency is raised, the igniting current 
falling in value should begin to fail to heat the metal 
to the limit of thermionic discharge to cause ignition 
in the time of one quarter-period (the greatest duration 
of an arc), as in fact it^does. It^is well known that 
thermionic discharge fails with startling suddenness as 
the temperature is lowered, and I regard the necessity 
to increase suddenly to high values at a frequency of 
380 the current required for ignition as due to this 
failure of the thermionic discharge. 

Mr. Anslow’s query as to frequency I have answered 
earlier. The compressed-air electric lamp is a most 
interesting development, and I should much like to see 
one. If the voltage at break of the inductive generator 
circuit exceeds 26, i.e. the arcing voltage, there may 
be risk of ignition. It would be interesting to examine 
such a lamp as a source of ignition. 

Papers by the Author on Ignition of Gases. 

(See discussion at Newcastle, page 497.) 

W. M. Thornton and E. Bowden : " The Ignition 
of Coal Dust by Single Electric Flashes,'^ Trans^ 
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vol. 39, pt. 2, p. 1. 
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Pit Gas and Air ignited by Momentary Electric 
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Gaseous Explosion caused by the Electric Heating 
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PROCEEDINGS OF THE INSTITUTION. 


SPECIAL GENERAL MEETING OF CORPORATE MEMBERS, 28 FEBRUARY, 1924. 
(Held in the Institution Lecture Theatre.) 


Dr. A. Russell, President, took the chair at 5.30 p.m. 
The notice convening the meeting was taken as read. 
The followmg Resolution was proposed by the 
President:— 

" That the followmg be substituted for Bye-law 9 of 
the Bye-laws of the Institution:— 

" 9. {cC) An Honorary Member shall be entitled to 
the exclusive use after his name of the initials 
* Hon. M.I.E.E.'; a Member of the initials * M.I.E.E.|; 
an Associate Member of the initials ' A.M.I.E.E.'; 
an Associate of the initials ' Associate I.E.E.*; a 
Graduate of the initials * Graduate I.E.E.'; and a 
Student of the initials * Student I.E.E.' 

" (6) Every Member and Associate Member is, and 
is entitled to describe himself as, a Chartered Electrical 
Engineer, and in using that description after his 
name shall place it after the designation of the class 
in the Institution to which he belongs, stated in 
accordance with the following abbreviated forms, 
namely, M.I.E.E. or A.M.I.E.E., as the case may be. 
" (c) A Member or Associate Member practising 


(i) under the title of, or as an officer or employee 

of, a Limited Company authorized to cary 
on the business of an electrical engineer in 
all or any of its branches, or . 

(ii) in partnership with any person who is not 

a Member or Associate Member of the 
Institution under the title of a Furm 

shall not use or permit to be used after title of 
any such Company or Firm the designation ' Char- 
tered Electrical Engineer ' or ' Chartered Electrical 
Engineers' or describe or permit the description of 
such Company or Firm in any way as * Chartered 
Electrical Engineer' or ' Chartered Electrical En¬ 
gineers.* 

" (d) No person shall adopt or describe himself by 
any other description or abbreviation to indicate the 
class to which he belongs than is provided in this 
Bye-law for such class." 

p The Resolution, after being seconded by Sir James 
Devonshire, K.B.E., was carried unanimously, and the 
meeting terminated at 5.60 p.m. 


712th ordinary MEETING, 28 FEBRUARY, 1924. 
(Held in the Institution Lecture Theatre.) 


. Dr. A.. Russell, President, took the chair at 6 p.m. 

On the motion of Sir James Devonshire, K.B.E., 
seconded by Mr. R. T. Smith, a hearty vote of congra^- 
lation was accorded the President on his nomination 
for a Fellowship of the Royal Society of London. 

The minutes of the Ordinary Meeting of the 14th 
February, 1924, were taken as read and were confirmed 
and signed, A list of candidates for election and 
ijransfer approved by the Council for ballot was taken 
as read and was ordered to be suspended in the Hall. 


' A list of donations to the Benevolent Fund (see 
pages 299-300) was taken as read and the thanks of 
the meeting were accorded to the donors. 

A paper by Mr. A. S. FitzGerald, Associate Member, 
entitled " The Design of Apparatus for the Protection 
of Alternating-Current Circuits " (see page 661), was 
read and discussed. 

- On the motion of the President a vote of thanks to 
the author was carried with acclamation, and the 
meeting terminated at 7.60 p.m. 
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37th meeting of THE WIRELESS SECTION, 5 MARCH, 1924. 

(Held in the Institution Lecture Theatre.) 

Mr. E. H. Shaughnessy, O.B.p., took the chair at (Ret), Member, entitled '' Development of the Bellini- 
® P-^* Tosi System of Direction-Finding in the British Mer- 

The minutes of .the meeting of the Wireless Section cantile Marine (see page 643), was read and discussed, 
held on the 6th February, 1924, were taken as read and On the motion of the . Chairman a vote of thanks to 
were confirmed and signed. the author was carried with acclamation, and the 

A paper by Commander J, A. Slee, C.B.E., R.N. meeting terminated at 8 p.m. 


713th ordinary MEETING, 6 MARCH, 1924. 
(Held in the Institution Lecture Theatre.) 


Dr. A. Russell, President, took the chair at 6 p.m. 
The minutes of the Ordinary Meeting of the 28th 
February, 1924, were taken as read and were confirmed 
and signed. 

Messrs. H.. Jenkins and S. F. Hill were appointed 
scrutineers of the ballot for the election and transfer 
of * members and, at the end of the meeting, the result 
of the ballot was declared as follows :— 

Elections. 

Associate Members. 

Barnett, Cecil John. Finnis, Arthur Hornsby. 

Edes, Noel Hamilton, Richardson, Samuel Sum- 
Lieut., R.C.S. ner, D.Sc. 

Smith, Sydney Luke. 

Graduates. 

Akehurst, Arthur Gerald. Graham, Eric Edward. 

Cadman, Norman. Guilford, Alfred Leslie, • 

Clark, Ernest Cameron. B.Sc.Tech, 

Devine, James Joseph. Holdsworth, John Evelyn, 
Nunn, Charles. 

Students. 

Addison, James Donald. Cornish, Henry Edmund. 

Alford, Frederick Albert H. Cox, Arthur Gerald. 

Allan, Robert Hector. Crake, Wilfred St. Maur E. 
Angus, James Houston, Crisp, John William. 

Ashworth, Graham. Darby, William Joseph 

Barnes, Richard Wynne. D'Cruz, Cyril. 

Bates, Albert Edward. Douglas, Thomas Kenneth 

Beck, Arthur Cecil. A. 

Bedingfield, William King. Ferlie, George Balfour, 

Benham; Cedric Minett. Firth, Allan Mitchell. 

Bentley, John. Fischer-Webb, Denis. 

Berindei, Matei. Flett, RoJ^ert Garrioch. 

Bhavnani, Hashmatrai Foster, Horace George. 

Khubchand, B.Sc. Froggatt, Arthur. 

Bishop; Geoffrey, Fryer, Ronald Waring. 

Botcharsky, Constantin. Gardiner, Herbert William 

Bramley, John Henry. B., B,Sc.(Eng.). 

Brownlie, James Millar. Gray, Albert Hilliard, 

Bryan, I.eslie William. .M.Sc. 

Caley, Leonard Percy. Gurney, William Albert J. 

Chase, John Joseph. Hawkins, John Mortimer. 

Clifford, Albert Edward, Heron, Thomas. 

Connelly, Thomas Maurice. Hughes, Leslie Ernest C. 


Students —continued. 

Humphriss, Eric Allan. Pearce, Fred Esmond. 
Jelly, William Edwin. Penny, John Carlton. 
Jervis, Walter, Junr. Phelps, John Lecky. 

Jones, Reginald Ernest. Plumbly, Richard William. 

Kay, Dudley. Rendle, Patrick Russel. 

Kelly, William. . Sabikhi, Nihal Chand. 

Krestovnikoff, Igor. Short, Harry Redfem. 

Lappin, Henry. Sinclair, Ernest Morgan. 

Leman, Hugh Spence. Spurr, Samuel Didsbury 

Mackenzie, Ian. . ' W. 

Mahajan, Lochan Singh. Sykes, Herbert Archibald. 

Meers, Richard Adney. Taggart, John Douglas. 

Middleton, Alex. Takla, Fawzy. 

Milner, Ewart Guy. Thomas, Ernest. 

Minchin, Cecil William H. Weston, Harold Norman. 

Moes, Gerlacus. Willdnson, Frank. 

Mudford, Francis Edwin. Wilson, William Frederick. 

Murray, George Andrew. Woolgar, Leslie Vincent. 
Northcote, John Wilfrid S. Young, Frank. 

Associate. 

Nash, Sir Philip A. M., K.C.M.G., C.B. 
Transfers. 

Associate Member to Member. 

Davey, Frank William, Skeates, Conrad Clemmans. 

Pearce, James George, Stewart, Charles Lionel E. 

B.Sc. 

Graduate to Associate Member. 

Cairns, Archibald McFarlane, Noor-el-Deen, Youssef. 
Capt. R. E., B.Sc.(Eng.). 

Student to Associate Member. 

Devonald, Norman. Spilsbury, Robert Samuel 

Rose, Victor. J. 

Underwood, Cyril Lancelot. 

Associate to Associate Member. 

Nicol, Edward Watson L. 

SUddent to Graduate. . 

Bellamy-Law, John Wil- Conly, William Peter, 
liam. B.Sc. (Eng.). 

Bonny, Arthur George A. Datta, Narendra. 

Calder, John Maxwell. de Steiger, Frederick Ber- 

Colquhoun, James Browne. nard. 
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Student to Graduate-—cori\iri\ied. 


Dunlop, Robert Paterson. 
Jackson, Horace. 

Jones, iG’thur Thomas. 
Maguire, Austin Joseph 
(B.Eng.). 

Morgan, Ivor. 


Pound, Edwin Thomas. 
Sheppard, Maurice Wil¬ 
liam. 

Sn|^, Henry Prescott. 
Thompson, George. 
Williams, Charles Branton. 


A paper by Messrs. P. E. Erikson, Member, and 
R, A. Mack, Associate Member, entitled Transmission 
Maintenance of Telephone Systems,” was read and 
discussed. 

On the motion of# the President a vote of thanks to 
the authors was carried with acclamation, and the 
meeting terminated at 7.45 p.m. 


714th ordinary MEETING, 20 MARCH, 1924. 


(Held in the Institution Lecture Theatre.) 


Dr. A. Russell, President, took the chair at 6 p.m. 
The minutes of the Ordinary Meeting of the 6th 
March, 1924, were taken as read and were confirmed and 

signed. ' . , j ** o'-u 

A lecture (wdth demonstrations) entitled The 


Nature and Reproduction of Speech Sounds (Vowels) ” 
was delivered by Sir Richard Paget, Bart. 

On the motion of the President a vote of thanks to 
the lecturer was carried with acclamation, and the 
meeting terminated at 7 p.m. 


716th ordinary MEETING, 27 MARCH, 1924. 
' (Held in the Institution Lecture Theatre.) 


Dr. A. Russell, President, took the chair at 6 p.m. 

The minutes of the Ordinary Meeting of the 20th 
March, 1924, were taken as read and were confirmed 
and signed. 

A list of candidates for election and transferred 
approved by the Council for ballot was taken as read 
and was ordered to be suspended in the Hall. 

A list of donations to the Benevolent Fund (see 
page 381 )i was talcen as read and the thanks of the 
meeting were accorded to the donors. 

The President announced that a portrait in oils of 
the late Willoughby Smith (President 1883) had been 


presented to the Institution by his sons, Mr. W. O. 
Smith and Mx. W. S. Smith, and the thanks of the 
meeting w'ere accorded to the donors. 

The President read an Order received from the Lords 
of the Tiivy Council, allowing the new Bye-law No. 9 
(see page ^81). 

A paper by Lieut.-Col. H. E. O'Brien, D.S.O., Member, 
entitled “The Future of Main-Line Electrification on 
British Railways,” was read and discussed. On the 
motion of the President a vote of thanks to the autlior 
was carried with acclamation, and the meeting terminated 
at 7.46 p.m. 


38th MEETING OF THE WIRELESS SECTION, 2 APRIL, 1924. 
(Held in the Institution Lecture Theatre.) 


Mr. G. C.Paterson, O.B.E.,took thechairat 6 p.m., 
in the unavoidable absence of Mr. E. H. Shaughnessy, 
O.B.E., Chairman of the Section. 

The minutes of the meeting of the W ireless Section 
held on-the 6th March, 1924, were taken as read and 
were confirmed and signed. 

A paper by the Research Staff of The General Electric 


Co., Ltd., presented by Messrs. M. Thompson and A. C. 
Bartlett and entitled “ Thermionic Valves with Dull- 
Emitting Filaments,” was read and discussed. 

•On the motion of the Chairman a vote of thanks to 
the authors was carried with acclamation, and the 
meeting terminated at 7,20 p.m. 
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THE DETERMINATION 


OF RESONANT FREQUENCIES AND DECAY 
FACTORS.* 


By Professor E. Mallett, M.Sc., Member. 


(Paper first received Septemheir, and in final form 315/ December, 1923.) 


Summary. 

Simple resonance curves plotted vectorically are approxi¬ 
mately circular in form. The paper shows how the circle 
can be derived from the ordinary resonance curve by a simple 
graphical construction, and how from the derived circle and 
the original resonance curve a straight line can be drawn 
from which the resonance frequency and the damping are at 
once determined. 

The constructions developed are explained by their appli¬ 
cation to telephone-receiver impedances and to electrical 
circuits. 


Table of Contents. 

1. Symbols used in the paper. 

2* Introduction. 

3, Outline of theory leading to explanation of the 
shape of the curve, and development of a method of 
finding Jq and A from the impedance curve and circle. 

4. Application of the method to some actual measure¬ 
ments. Check by drawing the curve//tan a. 

6. Graphical construction from current curve and 
current circle, using method of inversion to obtain 
impedance circle. 

6. More approximate simple methods in special cases. 

*?. Applications to purely electrical circuits, leading 
to a suggested method of measuring high-frequency 
resistance. 


1, Symbols Used in the Paper. 



Z = modulus or size of total impedaifce 
of telephone receiver. 

ijj — angle of impedance of telephone receiver. 

Z^ — size of receiver impedance with diapliragm 
damped. 

6 = angle of receiver impedance with dia¬ 
phragm damped. 

Zf =s size of receiver impedanbe due to motion 
of diapliragm, 

X — angle of receiver impedance due to motion 
of diaphragm. 

A = size of force factor. 

j8 = angle of force factor, pefined by expres¬ 
sion : Pull on diaphragm = 


written communications (with a view to 
puWication in the /o«ri^ if approved by the Committee) on papers pubUshed 
m the Jaunud without bemg read at a meeting. Communications sho^d reach 
the Secretary of the Institution not later than one month after pubhcatiou of 
the paper to which they relate. ^ 


r z = size of mechanical impedance of dia- 
J phragm. ^ 

I a = angle of mechanical impedance of dia- 
I phragm. 

r =s mechanical resistance of diaphragm. 
m equivalent mass of diaphragm. 
s = stiffness coefficient (restoring force per 
unit deflection). 

Z' ^ ZIZ^ T=z ratio of the sizes of the impedances with 
the diaphragm free and damped respec¬ 
tively. 

A = decay factor = r/(2m). 
i = current into receiver with diaphragm free. 
ia — current into receiver with diaphragm 
damped. 

e = voltage across receiver (kept constant). 

/ = frequency. 

/o = resonant frequency. 

2. Introduction. 

In a paper* by Professor J. T. MacGregor-Morris and 
the present author in which the ratio of the frequencies 
of some of the liigher modes of vibration to that of 
the fundamental mode was measured, a difficulty arose 
in determining the exact value of the latter in the 
absence of a sand picture and of a sharply defined 
maximum sound, A rough solution only was ob¬ 
tained by drawing the curve of Fig, 1, which shows 
the current, i, in the receiver plotted against the fre¬ 
quency, /, and taking as the resonant frequency the 
point where the curve AB crosses the dotted line 
(obtained with the diapliragm prevented from vibrating). 

If apparatus for setting up an alternating-current 
bridge had been available, tlie method described f by 
A. E. Kennelly and G. W. Pierce could have been 
used. 

In this method, impedance measurements (in the 
form A + jB) of the telephone receiver are made, first 
with the diapliragm free and then with the diaphragm 
damped, and it is found that the vector difference of 
the two plotted vectorially has a circular locus. Reson¬ 
ance occurs at the diameter of the circle through the 
origin, and the damping is determined from the fre¬ 
quencies at the ends of the diameter at right angles. 
The theory of the telephone receiver is developed in a 

* Journal T.E.E,, 1923, vol. 61, p. 1184. 
xvt I®ipedance of Telephone Receivers as affected by thp Motion of 
I Proceedings of the American Academy of Arts and Sciences, 
|912, vol, 48, p. 111. * 
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series oi papers by KenneUy and his various co-workers,* 
and this is used in what follows. 

The present paper arose out of the desire to avoid 
bridge methods, which demand expensive apparatus 
and somewhat laboricTas calculations, and if possible to 
use a curve similar to that of'Fig. 1, that is, drawn 
from current measurements without any knowledge of 
phase angles, to obtain the information required as to 
the resonant frequency and the damping. It was thought 



that if such a method could be established it would 
be especially useful at Mgher and perhaps quite high 
frequencies, where bridge methods are extremely 
difficult. 

3. Outline of Theory. 

By impressing a constant voltage v of known and 
variable frequency on the tenmnals of a receiver, and 
measuring the resulting current it the size Z of the 



found that the angle of the impedance represented by 
ACE is approximately constant over this range, so 
that the impedance with the diaphragm damped (or 
in the absence of the resonance) may be written 
ZM = (Zq + where Zq is the intercept of the 

line ECA on the OZ axis, Zi is the slope of the Ij^, 
and 6 is the constant angle of the impedance. The 
total impedance of the receiver with the diaphragm 



free to vibrate may be written Z\ijs « Za\^ + Z^\x» 
where Z^ is that part of the impedance which is due 
to the motion of the diaphragm. This KenneUy has 
shown to be 

where A is the force factor and |j8 its angle, and ^ 
the mechanical impedance of the diaphragm, given by ^ 

*|a = r -I- — “) • • • • 



impedance of the receiver is determined as the ratio v/i, 
but not4ts phase angle. A curve similax to ABODE 
of Fig. 2 is obtained on plotting Z against the frequency. 
If the diaphragm were prevented from vibrating the 
curve would be ACE, and from many experimental 
results it appears that over the range AE this curve 
is approximately a straight Hne.f Moreover, it is 


♦ A summary appears in tbe Post OjBUce Electrical Engineers* 

Vol. 16, 144. A complete account fe giv^ in a recently published 

book on “Electrical Vibration instruments,” A. EJKenne^, 

t A E. Kennelly and H. A. Aeeel; ‘The Mechanics of Telephone- 
.Keceiwr rSh?a^, as derived from their Motional-Impedance cto 
Proceedings o/ the American Academy of Arts and Sciences, 19^, vol. SI, p. 419. 


where r == total equivalent mechanical resistance of the 
diaphragm, and is of the form ri + (or 2 ; m is the equiva¬ 
lent mass and s the stifiness coefficient, both very nearly 
independent of the frequency.* 

• So we may write for the total impedance of the 
telephone receiver 

Z^ijj — + a 

* See A. E. Kennei^ly and H. Nukivama, Transactions of ihe Americm 
Institide of Electrical Engineers, 1919, vol. 38, pt, 1, p. 419. 
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of which we have measured Z, and can either infer 
by covering a sufficient frequency-range with the 
Z measurements, or measure it directly by damping 
the diaphragm. We have, however, no knowledge of 
the angles. 

Dividing throughout by Z^^d we oflbtain 

£- |^-g = l+^|2^ + a + g . . (2) 

This expression gives the key to the method. Find 
the ratio Z/Z^ = Z' for various frequencies, and draw 


in the direction AMDLA. Z' is, by construction, a 
maximum at OM and a minimum at OL, and resonance 
occurs approximately at the diameter AD. The fre¬ 
quency at which resonance occurs is ascertained by 
finding the corresponding point ^on Fig. 3. Set up 
OD' in Fig. 3 equal to QD in Fig. 4, and draw a hori¬ 
zontal through D' to meet the B'C' curve in R. Then 
D'R is a measure of the resonant frequency. r' 

It is clear also that the angle BAD is equaT'to 
2^ + B» while the angle DAP is a and the angle AOP 
is tfs — 6, To convert Fig. 4 to an actual impedance 
diagram of the receiver, it would be necessary to draw 



Tregnency, / 


Fig. 6. 


a new curve (Fig. 3) of Z' against /. The ordinates 
are seen from Equation 2 to be the size of the vector 

^2 _ * 

sum of unity and |2jS a + This last ex¬ 
pression has, at any rate for frequencies not far re-- 
moved from resonance, very nearly a circular locus, as 
the alterations of Z^ are small compared with those of z. 
So to construct the vector diagram from which Fig. 3 
may be derived, we set off in Fig,* 4 OA = unity 
(01 of Fig. 3), OB = the maximum ordinate X^B' 
of Fig. 3, and OC =s the minimum ordinate X2C'. 
With O as centre and OC, OB as radii draw arcs CL 
and BM. Draw a circle to touch these arcs at L and M 
and to pass through the point A. Let the centre of 
this circle be Q and its diameter through A be AQD. 
Then the right-hand side of Equation (2) is given by OP, 
where OP is any vector drawn from O to meet the 
circle in P. As the frequency increases from a low 
value the point P starts from A and describes the circle 


a line OX so that the angle XOA = 0, to give the 
new reference line, and to multiply each vector OP by 
the corresponding value of Z^, 

From the circle AMPLA the value of A == r/2m, 
the decay factor, can be found. Draw a diameter at 
right angles to AD, cutting the circle in T and S. 
Find the corresponding points T' and S' in Fig. 3 
and hence the frequencies ft and at which the 
values of a are + 46® and — 46® respectively. Then 
A =:7T(fg f^. A better method not depending on 

two points alone is developed later, however, in Showing 
how far the assumptions made above are justified in 
an actual case. 

4. Application of the Method to Some Actual 
Measurements. 

The method thus arrived at will now be applied to 
some actual measurements. The current supply to th 
receiver was obtained from a low-frequency valve 
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oscillator, coupled to the receiver through a valve 
amplifier so that its frequency calibration should not 
be upset by a var 5 dng load. The voltage across the 
receiver was measured by means of a calibrated recti¬ 
fying valve and kept constant by means of a rheostat 
in series with the receiver. The current through the 
receiver was measured by a hot-wire milliammeter 
(Duddell) and a few points were obtained with the 
receiver diaphragm damped with the finger. The 
readings are given in cols. 1, 2 and 3 of Table 1 and 

Table 1. 


[Voltage across Receiver = 2*2 Volts,) 


to A. If / is plotted instead of co, the intercept is /o 
and the slope A/27r. 

Points on this line are found from Fig. 6 and from 



10-40 
753 10-3 
775 9-6 


are plotted as the i curve and the curve in Fig. 5. 
The value of Z is entered in col. 4, and that of derived 
from the curve in col. 6. In col. 6 is entered the 
value of the ratio Z' = ZfZ^, and this is plotted against 
the frequency in Fig. 6. In this figure the construction 
described above is carried out to obtain the circle, and 
from this circle the resonant frequency and the decay 
factor can be obtained. 

In order to see how far this circle does actually 
represent the conditions as the frequency changes, a 
connection must be found between the frequency and 
the position of the corresponding vector. It is known 
[see Equation (1)] that the angle of the mechanical 
impedance of the diaphragm a is given by 





rrua — (sjcjS) 


640 660 680 700 720 740 760 780 

TTequency, / 

Fig. 6. 

Table 2 as follows. Lines are drawn from A making 
angles with AD of 75®, 60°, 45°, 30° and 15° on each 

^ Table 2. 


whence 


0)2 — — tan ao)-^ = 0 

m m 


..d 

For values of a up to, say, 75°, tan^ a is 

much ^smaller than ajm in the telephone receiver case 
and may be neglected. Further, A = r/2m and we 
may write 

= a/— + Atan a 
ym 

That is to say, tne relation between co and tan a should 
be a straight line, the intercept of which on the o) axis 
(tfxi a = 0) gives the value coq corresponding to the 
•esonant frequency, and the slope of which is equal 


1 

2 

3 

4 

Reference no. 

a 

tana 

/ 

1 

degrees 

. -75 

- 3-73 

41 


2 

- 60 

- 1-73 

6^ 


3 

- 45 

- 1-00 

6( 

)9 

4 

- 30 

- 0-577 



5 

- 15 

- 0-268 

714 

6 

0 

0 

719 

7 

16 

0-268 

727 

8 

30 

0-577 

736 

9 

45 

1-00 

748 

10 

60 

1-73 

766 
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side and cutting the circle in the points 1, 2, 3, . . , 10. 
These points are the reference numbers of col. 1 in 
Table 2 , col. 2 gives the angle a, and col. 3 its tangent. 
The frequencies are ascertained by finding the cor¬ 
responding points on the resonance curve, i.e. by 
drawing arcs with Ol, 02, etc., as fadii and O as centre 
to-meet the axis OY in points through which horizontal 
lines are carried to meet the resonance curve in the 
points 1 ', 2', 3', 4' . . . 10 '. The frequencies at these 
points are entered in col. 4. The curve between tan a 
and / is plotted in the lower part of Fig. 6 , using a 
vertical scale for tan a and the original frequency scale. 
It is seen that the points closely approximate to a 
straight line from 3 to 10 inclusive, and from the line it 
appears that the resonant frequency is 722 and that 

A = 27r X slope = 277 x 26 = 157 


6. Graphical Construction from Current Curve 
AND Current Circle. 

An examination of the results so far obtained suggests 
that the whole of the work may be done graphically 
from the current/frequency readings. For, since 



i = e/Z = e/(Zaj^+ Zf^ and, with diaphragm damped, 

H “ ^l{Za\e) 

i _ 1 

' - 


Since 




1 + ~ \ X^ ^ approximately a circular 


locus, so also has its 


reciprocal 


The latter circle (which will be called the current circle) 
can be drawn from the f) curve in exactly the 
same way as the original circle (which will now be 
called the impedance circle) was drawn from the [ZlZdJ) 
curve, and the impedance circle (its reciprocal) obtained 
by the method of inversion. 


Also, since the variations of over the frequency- 


♦ Miles Walker : Electrician, 1023, vol. 90, p, 216, 


range required are small, and the change of ^•is only 
a fraction of the total i, the division may be 
carried out by a simple subtraction. Tlirough the 
point D (Fig. 7) where the curve cuts the i curve 
draw a horizontal straight liq^e. At any ordinate 
OACB, OA = i, and Oig = 

i __ QA _ QA 
id OB OC CB 

^ OA ~ CB 
~ OC 


since CB is small compared with OA a»d OC, and 
OA does not differ greatly from OC. Hence, if the 
scale is so chosen that the length' OC is unity, the 
ratio i/id is obtained simply by subtracting the inter¬ 
cept CB from OA on the left-hand side of the point 
where the i and id curves cross, and adding it on 
the right. (Or, in other words, taking the intercept 
between the i and id curves and subtracting it from or 
adding it to the height of the horizontal line, as the 
case may be.) 

This is done in Fig. 8 to obtain the points 1 , 2 , 3 , 4 , 
6 , 6 , 7 and 8 from the original ijf and idff curves. The 
points 1, 2, 3, etc., are obtained from the actual obser¬ 
vation points on tlie ijj curve. From this cuirve 
the circle A^ 1 ', 2 ', 3'. ... 8 ' is drawn as before. Tliis 


is the *' current circle ^ |X with scale 

OA^ = 1. ^ 

To invert this through its centre Q 4 draw a straight line 
OQ 4 cutting the circle in ai and 64 . Scale off the lengths 
Oa^ = 7 *2/8 *3 and Ob^ = 10*62/8*3. Then marking 
off Oa^^r 8*3/7*2 = M61 andOb^ = 8 • 3/10• 62 =0*78 
along the same line OQ 4 gives two points, and 6 ^, on 
the inverted circle. A further point A^ will be I/OA 4 
on the OY axis, and this length, OA^, is unity. So 
make OA^ unity on any suitable scale (of course 
marking off Oa^^ and Ob^ to the same scale), and draw 
the circle a^b^A^ with centre Qg. Then this is the 

Z* 

impedance circle obtained before, viz. 1 + ~ |x “- ^* 


To obtain points on the curve between / and tan a 
it is necessary to proceed from the impedance circle 
via the current circle to the resonance curve, or vie 
versa. The points 1', 2', 3', . . . 8'on the current circle 
corresponding to the points 1, 2, 3, ... 8 on the 
resonance curve are found by drawing horizontals 
through the latter points to meet OY, and through 
the points of intersection drawing arcs with centre O 
to meet the circle. The corresponding points on 
the impedance circle are found by drawing rays* 
Ol', 02', 03', . . . 08' to meet the impedance circl 
in 1", 2", 3", . , . 8". A straight line is n<w drawn 
perpendicular to the diameter A-^Qg at a distance AgO"' 
equal to unity, and the rays Ag2", Ag3", etc., meet this line 
in the points 2'", 3'", 4'", . . . 8'". Then the lengths 
0"'2'", 0'"3'", 0'"4'" ... are the values of tan a 
corresponding to the frequencies at the original points, 
1, 2, 3, etc. Points on the//tan a curve are obtained in 
the lower part of the diagram by marking off the lengths 
0"'2'", 0'"3'", etc., vertically, and drawing horizontals 
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througle the points obtained to intersect the verticals and lines //tan a of Figs, 6 and 8 are identical, though 

through the points 2, 3, 4 ... 8. It is seen that the in the latter case the actual observational points are 

points so obtained lie very nearly on a straight line, used, and in the former a is taken at definite values. 



Frequency, / 


Fig. 8. 

and the resonant frequency and decay factor obtained The impedance-circle scale could of course be chosen 
from the latter are the same as those»previously so as to make the two circles coincide, and this would 
obtained. In fact, the same scale having been chosen generally be done if /q and A were required for a 
for the impedance circle as before, the impedance circle number of curves. It is thought, however,, that in 
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explaining the method the construction of two separate 
circles leads to greater clearness. 

6. More Approximate Simple Methods in Special 
Cases. 

• 

In cases where the alteration of impedance is small 
compared with the whole impedance, i.e. when the 
point O is a considerable distance from the circle com¬ 
pared with its diameter, the arcs drawn with centre O 
to the circle are practically straight lines at right angles 
to the axis OY. In other words, the points on the 
circle corresponding to the points on the modified 
resonance curve (Z' or i') are obtained by direct pro¬ 
jection from the latter at right angles to OY to meet 
the circle. Further, instead of drawing the modified 
resonance curve the circle may be tilted round by 
drawing it between the lines MM, mm, parallel to the 
line and tangential to the resonance curve as indicated 
in Fig. 9.* The point A where the line Z^ meets the 
circle corresponds to the previous point A, AD is the 
diameter, and a line through D parallel to MM to meet 



Since the origin O is assumed to be at a great distance 
the invertion from one circle to the other is carried 
out by drawing lines parallel to OY, as approximately 
the same thing as drawing rays from O. Thus the 
diameter A^D^, which determine^ the resonance fre¬ 
quency, corresponds nearly to the diameter A and the 
quadrantal points and Tg to the points and T^ 
which are also quadrantal. The construction described 
in the previous paragraph can therefore be used on 
either the impedance or the current curve, though the 
accuracy will be rather greater in the former case. 

Even in the experimental case given, where th 
resonance impedance range is about one-third of the 
whole impedance, this simple method for the'^resonance 
frequency leads to good results. Carried out on the 
impedance curve of Fig. 6, a value of /q of 722 is found, 
and on the current curve, 726. For A, from the 
impedance circle as drawn the quadrantal frequencies 
are 703 and 760, giving A = 7r(750 — 703) = 148. In 
the case of the current circle they are 707 and 764, 
leading to the same result. So that the agreement with 



the circle in r determines the resonant frequency /q. 
Obviously in this case /q can be found without drawing 
the circle, by drawing a line RR parallel to and at 
the same distance from mm that Z^ is from MM, to 
meet the curve in r. Also, having drawn the circle, 
A can be found from the quadrantal points simply by 
drawing a diameter at right angles to AD meeting the 
circle in T and S, and through T and S drawing parallels 
to MM to meet the resonance curve in the corresponding 
points t and s, at frequencies fi and /g. Then 
A — /i). Or the construction described above 

may be used to obtain the line //tan a, all projections 
from the curve to the circle being made^ parallel to mm. 

Working from the current curve instead of the 
impedance curve, the construction is precisely the same. 
Taking for simplicity the modified resonance (current) 
curve, the current circle is drawn between the hori¬ 
zontal lines MM and mm. The scale of the impedance 
circle is so chosen that the two circles coincide (though 
they are shown separately in Fig. 10 for clearness). 

♦ This involves a reduction in the size of the circle in the ratio of 1 to cosy 
(y is the angle the line makes with the horizontal). Z' is measured as the 
perpendicular distance from a new OX axis parallel to Zrf and cutting the 
original a^s at the point where it .is met by the line at right angles to Zd 
through K, 


the value obtained by the more accurate metliod is not 
so good as in the case of /q. 

In the case of the higher modes of vibration of a 
receiver diaphragm, where the effect of the resonance 
on the impedance is not nearly so marked, the simpler 
method will be quite satisfactory. Curves obtained in 
two cases, those of two nodal diameters and one nodal 
circle, are reproduced in Fig. 11 and it is found that in 
the former case /o = 2 240 and A = 116, and in the 
latter /o ~ 2 990 and A *= 138. 

7, Other Applications. 

ihe methods developed have applications 'in other 
directions apart from the telephone receiver. For 
instance, the simple resonance curve drawn from the 

(i/cuO)] 12) is a special 

case in which the circle is drawn with the diameter AD 
vertical and the point A at O, and the diameter is 
equal to the height of the resonance. Drawing the 
diameter ST to obtain the quadrantal points, and 
arcs.TT', SS' with centre A and radius AT to meet AD 
in T' and S' (coinciding), the points s and t on the 
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resonance curve are obtained by projection. This The value of A derived from the line //tana is 16-14 
construction is obviously in agreement with the well- and that calculated from A = R/2L = 16-IQ, in close 


known rule of drawing the line st at a height = imaxJV^- 
But instead of depending on these two points alone 


agreement. 

Another electrical case which is very similar to that 


the construction de^ribed for finding the line //tan a I of the telephone receiver is the one indicated in Fig. 13. 


Z tiodal diameters 
A»7r(2265-2Z28) 


1 nodal circle 
A «7r (3012-2958) 


2300 2400 2 500 2 600 2700 2800 2900 3000 3100 3200 3300 3400 

Treqfaency, / Treqniency, / 

Fig. 11. 



^ V“taTioc 



'15 80 85 

FxeqTiency, / 


-z -1 0 . 1 

tan a 


Fig. 12. 


is earned out and A obtained hrom its slope. This The currents ii, in the two circuits are obtained 

leads to more accurate results, and at the same time from the equations 

is a check on the accuracy of the readings from which 

thft resonance curve is drawn. In the case illustrated = Zii^ + 

\ 72 = 4*6 ohms, 0 = 28* 6/aF and ly » 0* 14 H. and 0 = -j- joiUdii 
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Eliminating we get 


V = Ziii + 




^2 


H 


being sufficiently constant over a frequency-range near 
resonance for the locus of Z' to be very nearly circular. 

The construction has been applied to some experi¬ 
mental results for a circuit of J:his type given by 


Zi+{o)2m^IZ^ 
Table 3. 


i 

2 

3 

4 

f 

h 

id 


p.p.S. 

mA 

mA 


60 

0*73 

1*26 

1*73 

62 

0*63 

1*20 

1*90 

64 

0*62 

1*16 

2*23 

66 

0*60 

1*12 

1*87 

70 

1*80 

1*06 

0*69 

71*8 

2*20 

1*03 

0*47 

74 

2*20 

1*00 

0*46 

78 

1*80 . 

0*97 

0*64 


T 

V 

L 


Im 

Zi 


LeRa 





Fig. 13. 


Morecroft.* The constants of the secondary circuit are 
Zf 2 =5 0*206 H, (72 = 28*6 /xF, 1?2 ~ 7*2 ohms, whence 

Cols. 1, 2 and 3 of Table 3 give the experimental 
values of the frequency and the corresponding current 
in the primary circuit first with the secondary circuit 
in position and secondly with it removed. Col'. 4 gives 
the calculated value of Z' ==: iijii and this is plotted 



Fig, 14. 


If the secondary circuit is removed wo have 
so that 


— 

Zi 


= 1 + 


a)2M2 1 


V/^1, 


This is of similar form to the telephone receiver 
Equation (2), and, provided that the resonance is fairly 
sharp (which will be the case in most telephone and 
high-frequency circuits), , 0 ) 2 ^ 2 /^^ can be regarded as 


against frequency in Fig. 14. Here the construction as 
previously described is carried out for the impedance 
circle and the line //tana, and from the latter are 
obtained the values /q =! 66*0 and A = 17*8, in good 
agreement with the calculated values. 

The method can be applied to the measurement of 
high-frequency resonances and resistances, of circuits 
or of coils alone. A great advantage is that a Imowledge 
of the primary impedance and of the coupling is unneces¬ 
sary. Experiments are being made to ascertain its 
value in this direction. 

* Principles of Radio Communication,** p. 92. 
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REPORT, 


The Council, at the Fifty-second Annual General 
Meeting of the Institution of Electrical Engineers, 
present to the members their Report for the year 
1923-24, covering approximately the period from the 
1st April, 1923, to the 31st March, 1924. 

The continued progress and prosperity of the Institu¬ 
tion during the period under review afford much 
satisfaction to the Council. 

(1) Chartered Electrical Engineer," 

A new Bye-Law sanctioning and regulating the use 
of the designation " Chartered Electrical Engineer " by 
Members and Associate Members of the Institution, 
which was passed at a Special General Meeting of 
Corporate Members held on the 28th February, 1924, was 
allowed at a Meeting of His Majesty's Privy Councilheld 
at the Council Chamber, Whitehall, London, on the 20th 
March, 1924, and came into operation on the latter date. 

The privilege is one which attaches to Members and 
Associate Members as individuals. The Council feel 
confident that they will receive the support of all 
members in preserving the strict use of a title which 
confers an honourable distinction. 

(2) Liquidation of the Old Institution. 

The final winding-up of the old Institution, made 
necessary by the incorporation under Royal Charter, 
was effected at a Special Genial Meeting of Corporate 
Members and Associates held on iJie 19th July, 1923. 


(3) Membership of the Institution. 

The changes in the membership since the 1st April, 
1923, are shown in a table given in Appendix A. 

The following table shows the growth of membership 
for the last few years :— 


Year 

Membeislilp 

Increase or 
Decrease 

1914 

7 045 

— 

39 

1915 

6 811 

— 

234 

1916 

6 676 

— 

135 

1917 

6 613 

— 

63 

1918 

6 667 

+ 

54 

1919 

7 023 

+ 

356 

1920 

8 146 

+ 

1 123 

1921 

9 449 

+ 

1303 

1922 

10 275 

+ 

826 

1923 * 

10 911 

+ 

636 

1924 

11415 

+ 

504 


It will be seen from the above that the rate of 
increase of the membership of the Institution is well 
maintained. 

The largest increase has taken place in the class of 
Students, of whom a large number are following courses 
of instruction leading to certificates and diplomas, the 
possession of which will entitle the holders to exemption 
from the Associate Membership Examinaiion, 
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(4) Annual Subscriptions. 

At the last Annual General Meeting, the then 
President annqunced that the Council had decided, 
under the powers conferred upon them by Bye-Law 27, 
to reduce the annual subscriptions ctt Corporate Members 
by ten shillings and those of Graduates by five shillings 
from the 1st January, 1924. 

(5) Examinations. 

The Associate Membership Examination was held in 
April and October 1923 in London, Chatham, Bir¬ 
mingham, Manchester, Newcastle-on-T 3 nie, Cardiff, and 
Glasgow, and also in New Zealand and South Africa. 
The candidates examined included a number of officers 
of the Corps of Royal Engineers, who sat for the 
examination for the purpose of qualifying for “ Engineer 
Pay.*’ 

For the purpose of qualifying for Signal Pay,*' 
officers of the Royal Corps of Signals were also examined 
by the Institution in the Theory of Electrical Military 
Signalling *' at the Signal Service Training Centre, 
Maresfield Park Camp, Sussex, in August 1923 and 
February 1924. 

A certain number of candidates submitted theses 
and papers during the year in lieu of the examination. 

(6) Honorary Members. 

The Council have pleasure in recording that, as 
announced at the Ordinary Meeting of the 1st November, 
1923, they have elected Colonel Rookes Evelyn Bell 
Crompton, C.B., to be an Honorary Member of the 
Institution. Colonel Crompton became a member of 
the Institution in 1880 and was President in 1896 and 
1908. 

There are now ten Honorax}^ Members. 

(7) Honours and Distinctions Conferred 
ON Members. 

Since the last Annual Report the following honours 
have been conferred on members 

Enighihood. 

Barker, R. C., C.I.E. (Member), 

Hume, G. H. (Member). 

CJB. 

McClelland, W., O.B.E. (Member). 

CM.Gt. 

Butters, J. H., M.B.E. (Member). 

O.B.E. 

Fuller, Major A. C., R.C.S. (Associate Member). 

MJ3.E. 

Butters, J. H. (Member). 

The President of the Institution has been nominated 
for election as a Fellow of the Royal Society. 

(8) Faraday Medal. 

The third award, of the Faraday Medal has been 
made by the Council to Dr^ S. Z. de Ferranti, Past- 
President. 


(9) War Memorial. 

The War Memorial Book containing the biographical 
notices and portraits of the members of the Institution 
who fell in the war of 1914-1918 is in the press and 
will be published shortly. ** 

(10) Deaths. 

The Council regret to have to record the deaths of the 
following 66 members of the institution during the year:— 

Honorary Member, 

Leblanc, Maurice. 


Members, 


Ayrton, H. (Mrs.). 

Mitchell, H. E. 

Chew, W. 

Rawson, F. L. 

Clarke, E. F. 

Smith, D. C. , 

Dearlove, A. L. 

Steinmetz, Prof. C. P. 

Dixon, R. E. 

Thomson, H. Lyon. 

Gott, A. E. 

Thorp, E. L. 

Grant, A. E. 

Tobler, Prof. Dr. A. 

Head, H. C. 

Turnbull, R. T. 

Heaviside, A. W., I.S.O. 

Ullett, J. W. 

Kidd, G. W. 

Wilkinson, H. T. 

Layton, G, 

Yale, T. P. O. 

Associate Members. 

Andrbws, J. L. 

Kerr, J. A. W. 

AscoU, G. H. D., M.C. 

Kirloskar, V. G. 

Bishop, 0. H. 

McIntosh, A. 

Cawood, S. D. 

Mallalieu, V. 

Day, F. 

Martin, C. 

Garstang, F. L. 

Owen, C. M. 

Handley, G. W. 

Pauls, S. 

Hement, T. C. 

Rowell, W. N. 

Hounsfield, F. C. 

Swire, S. 

Hughes, A. S. 

WaUwork, T. 


Williamson, A. 


Graduate, 

Slater, J. T. L. 

Students, 

Imeary, R. K. MacKenzie, K. S. 

Nicholas, J. D. 

Associates. 

Benest, H. Dennison, J. D. 

Clapperton, G. ^Donnison, F. A. 

Crawford, F. C. Mostyn, R. J. F. 

Nicholl, H. 

The Council particularly deplore the loss to Electrical 
Engineering caused by the deaths of Monsieur Maurice 
Leblanc (elected Hon, Member, 1916), Mrs. H. A 3 rrton • 
(elected Member, 1899), Mr. A. W. Heaviside, I.S.O. 
(Chairman of the Newcastle Local Section, *1900-1 ; 
awarded Fahie Premium, 1892), and Prof. C. P. 
Steinmetz (elected Member, 1912). 

(11) Institution Building. 

A very large number of meetings of kindred societies 
have been held in the Institution building during the 
past twelve months and it has been a pleasure, to 
the Council to have been able to grant the use of 
the premises for this purpose. In particular, mention 
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Jubilee Celebrations of the 
Society of London, which were held on the 
- , 21st and 22nd March, 1924. 


(f2) Meetings. 

and eight meetings have been held 
til ^ 4 . • past twelve months and a complete state- 
ineiit IS contained in Appendix B. 


(13) Premiums. 

rile following Premiums for papers have been awarded 

Ly the CoutjcU :_ 

"^1 he Institution ^Premium [value £26). 

Future of Main-Line 
- .S.O. Electrification on British 

Railways.'’ 

i he Ayrton Premium [value £10). 

A. .Lachisllery, "Electrification of the French 

Midi Railway." 

./ he Pahie Premium [value £10). 

1*. ^ I?-. iERiicsoN and " Transmission Maintenance of 
A. Macic, Telephone Systems." 

'Pile John Hophinson Premium [value £10). 

A. S, FitzGeral©. " The Design of Apparatus for 

the Protection of Alter¬ 
nating-Current Circuits." 

77/6! Kelvin Premium [value £10). 

IT. M. Barlow, B.Sc. " An Investigation of the Fric- 
(Fng.), Pli.r>. tion between Sliding Sur¬ 

faces." 


The Paris Premium [value £10). 

I L Marryat. Electric Passenger Lifts." 

Phe Webber Premium [value £10). 


S. C. Bartholomew. 


A Premium (value £10). 
H. A, Waxson, O.B.E. 


A Premium (value £6). 
H. A. Clayton, D.Sc. 
(Kng.). 

A 

A Premium (value £6). 
Prof. W. Cramp, D.Sc., 
and Miss N. I. Cal- 
rniRWOOO, M.A.,B.Sc. 

A Premium (value £6). 
F. J. Teago, M.Sc. 


" Power Circuit Interference 
with Telegraphs and Tele¬ 
phones." 

" P^manent Magnets, and the 
Relation of their Properties 
to the Constitution of Mag¬ 
net Steels." 

" A Mathematical Development 
of the Theory of the 
M.M.F, of Windings." 

" The Calculation of Air-space 
Flux." 


" The Nature of the Magnetic 
Field produced by the Stator 
of a Three-phase Induction 
Motor." 


WIRELESS SECTION PREMIUMS. 


A Premium [value £10). 
L. B. Turner, M.A. 


A Premium [value £10). 
R, H. Barfield, M.Sc. 


A Premium [value £5). 
C. E. Horton. 

A Premium [value £5). 
E. B. Moullin, M.A. 


" The Relations between Damp¬ 
ing and Speed in Wireless 
Reception." 

" Some Experiments on the 
Screening of Radio Receiv¬ 
ing Apparatus." 

" Wireless Direction-Finding 
in Steel Ships." 

" Atmospherics, and their 
Effects on Wireless Re¬ 
ceivers." 


The award of Premiums for papers read before the 
Students’ Sections will be announced later. 


(14) Ordinary Meetings. 

Before the commencement of the Session a circular 
was sent to members in the London area with the 
object of ascertaining the most convenient hour for 
the Ordinary Meetings. The replies received showed a 
large majority in favour of 6 p.m. and the Council 
accordingly decided to continue holding the meetings at 
that hour. 

(16) Local Centres and Sub-Centres. 

The attendances at meetings of the Centres and 
Sub-Centres have been satisfactorily large and the 
interest in the discussions has been generally well 
sustained. 

* The President has attended functions or meetings at 
the Centres at Birmingham, Cardiff, Dublin, Glasgow, 
Leeds, Liverpool, Manchester and Newcastle, and the 
Sub-Centre at Sheffield, and on each occasion he has 
addressed the members. 


(16) Local Centre Abroad. 

The Council have sanctioned the formation of a 
Local Centre of the Institution in China, with head¬ 
quarters at Shanghai. 

• 

* (17) Wireless Section. 

The Council are Ratified at the continued success of 
the Wireless Section, Nine meetings have been held, 
at which 10 papers were read. 

(18) Informal Meetings. 

During the Session 13 meetings were held, being two 
more than last session. The average attendance per 
meeting has materially increased. 

That the subjects discussed have met with approval 
has been shown by the keenness of the debates, and 
there is no doubt that the Informal Meetings are 
serving a very useful purpose. 

(19) Students’ Sections. 

A very full programme of meetings, visits to works, 
and social functions was carried out during the Session 
by the eight Students' Sections now in existence. 
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viz. in London, Birmingham, Glasgow, Leeds, Liverpool, 
Manchester, Newcastle and Sheffield. 

Addresses to the London Students’ Section were 
given by the President and Mr. C. F. iClwell, Member. 

A Students’ visit to Belgium and Holland took place 
from July 24th to August 4th, 1923. The following 
works, etc., were visited : at Antwerp, Minerva Motors 
& Bell Telephone Manufacturing Co.; at Li6ge, Messrs. 
Cockerill’s Steel Works, Les Cristalleries du Val St. 
Lambert, and the University ; at Kostwijk (Holland), 
the Radio Station. The party also called at Brussels, 
Eindhoven, Apeldoorn, Amsterdam and The Hague. 
At Li^ge the British Consul arranged for members of 
the party to become Honorary Members of the Anglo- 
Belgian Club. The tour was extremely successful, 
40 Students taking part in it. 

The firms named have been thanked for the courtesy 
shown by them on the occasion and for the facilities 
afforded, which very materially helped to make the 
visit an acknowledged success. 

The Council have to thank Mr. A. C. Warren 
(Assistant Honorary Secretary, London Students* Sec¬ 
tion) for his valuable work in organizing the visit. 

(20) Scholarships. 

The following Scholarships have been awarded by 
the Council:— 

David Hughes Scholarships, 

(Value £60 each ; tenable for one year.) 

R. E. Banks (Birmingham University). 

R. MacWhirter (Royal Technical College, Glasgow). 

Salomons Scholarships, 

(Value £50 each ; tenable for one yeeir.) 

F. J. Lane (Leeds University). 

J. Linton (Heriot Watt College, Edinburgh). 

War Thanksgiving Education & Research Fund [No, 1). 

A grant of £100 for educational purposes has been 
made this year by the Council under the provisions of 
the Trust Deed to A. Ramsay (Glasgow University). 

(21) Coopers Hill War Memorial Prize. 

The award of the Coopers Hill War Memorial Priae, 
which consists of a Bronze Medal, a parchment Certi¬ 
ficate of Award and a Money Prize of £29, fell this year 
to the Institution and the Council selected for the 
award Mr. F. R. Combes for his monograph entitled 
** An Historical and Critical Survey of Atmospheric 
Electricity and Protection against Lightning.” 

It may here be recalled that the Prize was founded 
by members of the Royal Indian Engineering College, 
Coopers Hill, in commemoration of members of the 
College who fell during the late war. It consists of 
two awards, one of which is made annually by the 
Institution of Civil Engineers and tlie other triennially 
in turn by the Institution of Electrical Engineers, the 
School of Military Engineering, Chatham, and the 
School of Forestry, Oxford, for the best paper on a 
professional subject selected by the Council making the 
particular award. 


(22) Conversazione. 

The Annual Conversazione was held at the Natural 
History Museum, South Kensington, London, on the 
28th June, 1923, when over 1 500 members and guests 
attended. 

(23) Annual Dinner. 

The Annual Dinner was held at the Hotel Cecil, 
London, on the 21st February, 1924, the members and 
guests present numbering 487. 

An account will be found in the Joiirnal, vol. 62, 
p. 350. 

(24) Summer Meeting. 

A most successful Summer Meeting, attended by 
some 450 members and ladies, was held from the 6th 
to the 8th June, 1923, at the Manchester and*Liverpool 
Centres,, two days being spent in Manchester, one in 
Liverpool and one in North Wales. A full and 
interesting programme of functions, excursions and 
visits to works was arranged by the Committees of 
the two Centres. During the Meeting the works, etc., 
of the following were visited:— 

Messrs. R. Johnson & Nephew, Ltd., Bradford. 

Messrs. Mather & Platt, Ltd., Manchester. 

The No. 2 Dunlop Rubber Cotton Mills, Ltd., Rochdale. 

Messrs. Pilkington’s Tile and Pottery Works, Clifton 
Junction. 

The Chloride Electrical Storage Co., Ltd., Clifton 
Junction. 

The London, Midland & Scottish Railwa}?^ Company's 
Power Stations at Clifton Junction and at 
Formby. 

The Lancashire Electric Power Company's Station, 
Ratcliff. 

The Manchester Corporation's new Generating Station 
at Barton, and their 33 000-volt Substation at 
Chorlton-on-Medlock. 

The Metropolitan-Vickers Electrical Co., Ltd., Trafford 
Park. 

The Lancashire Dynamo and Motor Co., Ltd., 
Trafford Park. 

The Manchester Guardian Offices, Manchester. 

The British Insulated & Helsby Cable Co., Ltd., 
Prescot. 

The Liverpool Corporation's Lambeth-road Tram¬ 
ways Works, Automatic Substation, Walton, 
and the Lister-drive Power Station. 

Messrs. Lever Brothers, Ltd., Port Sunlight. 

The Automatic Telephone Manufacturing Co., Ltd., 
Liverpool. 

The Mersey Power Co., Runcorn. 

The United Alkali Co., Widnes. 

The Aluminium Corporation, Ltd., Dolgarrog. 

The North Wales Power Co.'s Hydro-Electric Power 
Station, Cwm Dyli. 

Lord Penrhyn’s Slate Quarries, Bethesda. 

The party also visited the Laboratories of the 
University of Manchester, the Applied Electricity 
Laboratories of tlie University of .Liverpool and thie 
Cunard Steamship Company's s.s. ” Scythia,” 


VoL. 62. 
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Thertlianks of the Institution have been conveyed to 
the foregoing, and also to the Lord Mayor and Lady 
Maj^oress of Manchester, the Electricity and Tramways 
Committee of the Manchester Corporation,the Manchester 
Ship Canal Companyiir Sir H. A. Miers (Vice-Chancellor 
of the University of Manchester), the Lord Mayor and 
Lady ^ Mayoress of Liverpool, the Tramways and 
Electric Power and Lighting Committee of the Liverpool 
Coloration and the London Midland & Scottish 
Railway Co., Ltd., who all extended most generous 
hospitality to the visitors. 

The Council desire to put on record their appreciation 
of the work of the Committees of the two Centres and 
especially of the respective Chairmen (Mr. A. S. Barnard, 
Manchester, and Mr. B. Welboum, Liverpool) and 
Honorary Secretaries (Mr. A. B. Mallinson, Manchester, 
and Mr. 0. C. Waygood, Liverpool). 

(26) Portraits of Past-Presidents. 

The set of enlarged photographs of Past-Presidents 
has been completed and has for some months been 
hung in the Common Room. 

(26) American Institute of Electrical 
Engineers. 

At the Annual Convention of the American Institute 
of Electrical Engineers held at Swampscott, Mass., 
U.S.A., from the 25th to the 29th June, 192a, the 
Institution was represented by two of its Honorary 
Members as delegates, namely. Professor A. E. Kennelly 
and Professor Elihu Thomson. 

(27) SoCifiTE DES iNGitNIEURS ClVILS DE FrANCE. 

Mr. R. T. Smith and Mr. C. H. Wordingham, C.B.E., 
Past-Presidents, represented the Institution at the 
meetings held in Paris on the 4th, 6th and 6th May, 
1923, to celebrate the 76th Anniversary of the founda¬ 
tion of the Soci6te des Ing^nieurs Civils de France. 

(28) Library. 

During the year, 268 books and pamphlets have been 
presented to the Reference Library by members and 
others and 140 volumes have been purchased. An 
increase in attendance is recorded, the total number 
for the year being 2 590, of whom 178 were non- 
members, as against the previous highest yearly total of 
2 626 in 1922-23.. 

The Council have pleasure in recording the continued 
circulation of books from the Lending Library. During 
the yeai: 2 232 were issued to 897 borrowers, the corre¬ 
sponding numbers for the previous year being 2 213 
and 814 respectively. 

The Silvanus Thompson Memorial Library was 
formally presented to the Institution at the Annual 
General Meeting held on the 31st May, 1923. On the 
same occasion Mrs, Thompson presented to the Institu¬ 
tion an oil painting of the late Dr. Thompson, and the 
Finsbury Old Students' Association a bronze bust of him. 

The Institution is now the possessor of a painting of 
Sir Francis Ronalds at work on a catalogue of his 
Library, of which the Institution has the . custody and 
use. The painting was presented by Mrs. Ortmans, a 
great-niece of Sir Francis. 


(29) Electrical Appointments Board. 

The number of applicants for posts registered on the 
31st March, 1924, was 114 as against a total of 120 last 
year. 

A classified Register of members seeldng positions, 
containing particulars of their training and experience, 
is available for inspection at the Institution offices, 
and the Secretary of the Board will gladly put 
employers in touch with highly qualified electrical 
engineers. 

The Council earnestly hope that members who are in 
a position to assist will not fail to make use of the 
Register. 

(30) The Journal of the Institution. 

The amount of matter published in the Journal 
continues to increase, the number of pages in the 1923 
volume being 1 204 as compared with 1 002 in the pre¬ 
vious volume. This increase is largely accounted for 
by the publication of a number of reports of the 
Electrical Research Association, in particular several 
dealing with overhead lines. * 

The net cost of printing and posting the Journal in 
1923, after allowing for sales and the revenue received 
from advertisements, was £4 169, as compared with 
£4 604 in 1922 (1 002 pages) and £4 936 in 1921 
(862 pages). As the number of copies printed increased 
from 10 200 in 1921 to 11 400 in 1923, the reduction 
in the net cost is most gratifying. The net cost per 
page works out at £6*79 for 1921, £4*69 for 1922 and 
£3*46 for 1923. 

A Ten-Year Index to the Journal for the years 
1912-21 was issued during the year. 

• (31) ** Science Abstracts." 

The Physics volume of Science Abstracts for 1923 con¬ 
tained 184 pages more than that for 1922; the Electrical 
Engineering volume contained 2 pages less. During 
the year the Committee of Management of the publica¬ 
tion took steps to increase the revenue, with the result 
that the financial position is now satisfactory, and 
Science Abstracts does not appear in the accounts, as in 
the past, as a financial burden on the Institution. 

• 

(32) Wiring Rules. 

The revision of the Wiring Rules has been com¬ 
pleted, and the Council are gratified to be able to 
report that the Fire Ofl&ces have accepted the revised 
Rules, which will in future be known as " Regulations 
for the Electrical Equipment of Buildings." It is hoped 
to publish the Regulations before the end of June. 

(33) Model Conditions of Contract. 

The Council have approved and published Model 
Conditions of Contract for :— 

(а) The sale of goods other than cables at home . 
when no erection is included in the contract; 

(б) The sale of cables at home when no erection is 
included in the contract. 

Conditions of Contract for Export Orders are still 
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under consideration by a Committee appointed for the 
purpose. 

(34) Electricity Regulations. 

The draft Regulations for Low and Medium Pressure 
and for High Pressure Overhead Lines, prepared by the 
Electricity (Supply) Regulations Committee and sub¬ 
mitted to the Electricity Commissioners were, with few 
alterations, approved by the Commissioners, and were 
published by His Majesty's Stationery Oiiice in 
November 1923. 

For the purpose of enabling the Council to submit a 
Report thereon to the Electricity Commissioners, the 
Committee are now engaged in the consideration of 
the Commissioners' Regulations (A) for securing the 
Safety of the Public, and (B) for ensuring a proper 
and sufficient supply of Electrical Energy. 

(36) Committee on Electricity in Agriculture. 

The Committee appointed last session are collecting 
information for their report to the Council. 

; (36) National Certificates and Diplomas in 
Electrical Engineering. 

The joint Standing Committee representing the Board 
of Education and the Institution have approved for this 
Session 60 schools and colleges in England and Wales at 
which courses may be taken by students with a view to 
their being awarded National Certificates or Diplomas in 
Electrical Engineering. The names of the schools and 
colleges approved, together with the grade of Certificate 
or Diploma obtainable, have been published from time 
to time in the Journal. About 460 candidates will sit 
for the final examinations on this occasion. • 

(37) Engineering Joint Council. 

The provisional constitution of the Engineering Joint 
Council which was set out in the last Annual Report 
has been finally approved and will be found in 
Appendix C to this Report, together with the Bye- 
Laws and Rules made by the Joint Council. 

The Institution's representatives on the Joint Council 
are Mr. J. S. Highfield and Mr. Roger T. Smith, Past- 
Presidents. • 

(38) British Electrical Research Association. 

The Director of the Associafion reports as follows :— 
During the year the membership of the E.R.A. has 
been materially strengthened by the addition as Associate 
Members of representatives of suppliers* and large users 
of electricity. 

The Report on the Heating of Buried Cables has 
attracted world-wide attention. Progress has been 
made in' dealing with cables for voltages above 11 000 
and in further study of safe temperature limits. Work 
on ^ulating oils is being chiefly directed to a further 
raising of standards which is likely to be accomplished 
in the immediate future, 

Pat^ts have been applied for covering improvements 
in oil circuit-breakers calculated to increase the rupturing 


capacity .materially without increase of size or cost. 
Work on overhead-line materials is being carried out 
with a view to further improvements in the construction 
of wood poles and completion of data for the calculation 
of wind pressures. * 

An extensive series of reports has now been published 
in the Journal giving instructions for the study of most 
of the principal insulating materials. The use of the 
methods advocated therein has resulted in further 
improvements in numerous directions. 

The researches on steam turbines and steam condensers 
continue to yield valuable data. 

The Institution has increased its annual stibscription 
from £300 to £500, and a corresponding grant is being 
obtained from the Government. 

Members are invited to communicate with the Director 
of the Association at 19 Tothill-street, Westminster, 
S.W. 1, on the work of the Association and all matters 
relating to co-operative research. 

(39) British Engineering Standards Association. 

A large number of British Standard Specifications 
dealing with electrical apparatus and machinery were 
published during the past year, as follows 

B.S.S. No. 31. Steel Conduits for Electric Wiring 
(Revision). 

B.S.S. No. 117. Drum Starters for Electric Motors. 
B.S.S. No. 118. Drum Controllers for Electric Motors.. 
B.S.S. No. 123. Face Plate Controllers, and Resistances 
for Use therewitli. 

B.S.S. No. 124. Totally Enclosed Air-break Switches. 
B.S.S. No. 126. Flame-proof Air-break Switches. 

B.S.S. No. 127. Flame-proof Air-break Circuit Brealmrs. 
B.S.S. No. 129. Contactor Controllers, and Resistances. 
B.S.S. No. 130, Totally Enclosed Air-brealc Circuit 
Breakers. 

B.S.S. No. 140. Liquid Starters for Electric Motors. 
B.S.S. No. 141. Switch Starters (Star-delta and Series- 
Parallel) for Electric Motors. 

B.S.S. No. 147. Multiple Switch Starters for Electric 
Motors. 

B.S.S. No. 148. Insulating Oils for Use in Transformers, 
Oil Switches and Circuit Breakers. 

B.S.S. No. 166. Contactor Starters for Electric Motors. 
B.S,S. No. 167. Moulded Flat Top Insulating Bushes. 
B.S.S. No. 168. Marking for Busbars and Connections. 
B.S.S. No. 160. Slate Slabs for Electrical Purposes. 
B.S.S. No. 166. List of Terms and Definitions for 
Radio Communication. 

B.S.S. No. 167. Auto-transformer Starters (hand-oper¬ 
ated pattern) for Electric Motors. 

B.S.S. No. 173. Electric Performance of Traction 
Motors. 

At the request of the Electrical Research Association, 
a Committee has recently been set up to prepare a 
British Standard Specification for Vulcanized Fibre. 

Preparation of the Electrical Vocabulary is making 
steady progress and one Section of this, namejy. 
Radio Communicatiou," has already been published 
as a separate document (B.S.S. No. 166). 
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(40) 


International Electrotechnical 
Commission. 


The balance of £125 399 3s. Od. is 
follows;— 


made up as 


A meeting of the Council of the Commission was held 
in Paris in December 1923, when Dr. C. O. Mailloux 
was elected Honorary Presidentt Signor Guido Semenza 
was elected the new President and Colonel Crompton 
was re-appointed Honorary Secretary. 

The Council of the Commission have appointed an 
Executive Committee consisting of the President of 
the Commission, the Honorary President, the Honorary 
Secretary and three Vice-Presidents. This Executive 
Committee^ will meet twice a year and assist the Central 
Office in co-ordinating the work of the National 
Committees. 


(41) Benevolent Fund. 

The Committee of Management of the Benevolent 
Fund of the Institution report that on the 31st December, 
1923, the Capital Account of the Fund stood at 
£9 969 11s. 3d., and the accumulated income at 
£1 622 17s. 6d. The donations and subscriptions to the 
Fund in 1923 amounted to £636 10s. Id. 

In the course of 1923, 52 grants were made to 21 
persons, amounting to a total of £1 034 2s. 4d. 

With a view to stimulating and sustaining the 
interest of all members in the Fund it has been decided 
to publish in future each month in the Journal of the 
Institution a list of the contributions received during 
the previous month, together with the names of the 
contributors. 


(42) Annual Accounts. 

Excess of Income over Expenditure .—^After making 
provision for contingencies as in the previous year, 
there is a margin to the good on the Revenue Account 
for 1923 of £3 967 11s. 7d. This amount, which has 
been carried to the credit of the General Fund, compares 
with £862 2s. 8d. in 1922, an increase of £3 095 8s. lid. 


Mortgages .— 

In the Accounts for 1922 these stood at 
Amount of repa 3 miehts during the year 

£ s. d. 

20 338 6 6 
6 636 7 1 

They now stand at .. .. 

£14 801 19 4 

Assets .—^Taking the Tothill-street property and the 
investments at cost, and the Institution building and 
lease, the library and furniture, etc., at the values 
standing in the books after writing off depreciation. 

the Assets amount to ., 

against Liabilities . 

£ s. 4. 

130 437 9 11 
6 038 6 11 

leaving a surplus of. 

which, in comparison with that of the 
year 1922, viz. . 

£125 399 3 0 

114 399 2 1 

shows an improvement of ... 

£11 000 0 11 


Assets. 

Properties. 

Institution Bdilding 

and Tothill-street je s. d. £ s. d. 

Property .. .. 92 289 3 11 

Less Mortgages ., 14 801 19 4 

- 77 487 4 7 

Investments, Cash, etc. 44 867 16 9 

Stock of Paper, Libraries 

and Furniture .. 8 082 9 7 


Less LiabilUies. 

Trust iPund Income 
Accounts 
Sundry Creditors 
'Repairs Suspense Ac¬ 
count 

Subscriptions received 
in advance .. 


£130 437 9 11 

416 0 0 
3 669 19 10 

563 16 6 

388 10 7 

- 6 038 6 11 


£126 399 3 0 


(43) The Institution and Bodies on which it 

IS REPRESENTED. 

Appendix D shows in diagram form the organization 
of the Institution and the bodies on which it is 
represented. 

APPENDIX A. 

Membership op the Institution. 

The changes in the membership since 1st April, 1923, 
are shown in the following table:— 

Hoq. Assoc. 

_ Mem. Mem. Mem, Grad, Stadt, Assoc. Total. Totai,. 

Totals at 

1 April, 1923 10 1 849 4 735 1066 2 869 392 10 911 

Additions during 
the year:— 


Elected 

14 

74 

147 

661 

6 

901 

Reinstated 

Transferred 

3 

13 

4 

29 

2 

51 

to 1 

44 

76 

92 

•• 

1 

214 

Total 1 

61 

163 

243 

690 

8 

1 166 

Deductions during 







the year:— 
Deceased 1 

22 

21 

1 

3 

7 

55 

Resigned 

10 

27 

H 

46 

4 

98 

Lapsed 

Transferred 

16 

74 

52 

138 

16 

296 

from 

1 

43 

37 

128 

5 

214 

Total 1 

48 

166 

101 

316 

32 

662 

Net Increase 

,, 

, 

,. 

.. 


.. 504 

Totals at 







1 April, 1924 10 1 862 

4 733 

1198 3 244 

368 

11416 
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appendix b. 

Meetings. 


The following is a list of the meetings held during 
the past twelve months :— 


Ordinary Meetings 


18 

Committees (cont .):— 


Special General Meetings 

2 

Electricity in Mines.. 

2 

Wireless Sectional Meet- 


Electro-Chemistry and 


ings .. 


9 

Electro - Metallurgy 

3 

Informal Meetings 

,, 

13 

Examinations (and 


Council Meetings 

., 

15 

Sub-Committee) .. 

8 

L cal Centres :— 



Finance (and Sub- 


Irish • • .. 

•,, 

6 

Committee) 

12 

Mersey and North 


General Purposes 

8 

Wales (Liverpool).. 

8 

Informal Meetings .. 

9 

North-Eastern 


11 

Library and Museum 

2 

North Midland 


9 

Lighting and Power.. 

3 

North-Western 


11 

Local Centres 

5 

Scottish . • 


6 

Membership . • 

8 

South Midland 


10 

Model General Con¬ 


Western 


10 

ditions 

3 

Local Sub-Centres :~ 

- 


Papers 

8 

Dundee 


8 

Patent Law .. 

2 

East Midland 


10 

Proving House 

1 

Sheffield 


7 

" Science Abstracts " 

2 

Tees-side 


7 

Ship Electrical Equip- 


Students' Sections;— 



ment (and Sub- 


London 


8 

Committee) 

2 

Birmingham .. 


8 

Telegraphs and Tele¬ 


Leeds .. 


13 

phones 

3 

Liverpool 


9 

Traction 

3 

Manchester .. 


10 

War Memorial 

1 

Newcastle 


12 

Wfireless Section 

6 

Scottish 


5 

Wiring Rules (and 


Sheffield 


7 

Sub-Committees) ,. 

20 

Committees:— 



Other Committees .. 

13 

Benevolent Fund 


6 



Electricity in Agri- 


Total 

408 

culture 

, . 

2 


-i 

.Electricity (Supply) 




Regulations 
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APPENDIX C. 

•THE ENGINEERING JOINT COUNCIL. 

Established 1922. 

The Engineering Joint Council has been formed 
•.under the following constitution by th^ following four 
Tnstitutions:— ^ 

The Institution of Civil Engineers, 

The Institution of Mechanical Engineers, 

The Institution of Naval Architects^ 

The Institution of Electrical Engineers. 

CONSTITUTION. 

1. A Council to be entitled “ The !Engineering Joint 
Council^* shall be formed. It shall consist of two 
-members of the Council of each of the following Insti- 
■fcutions in the first instance, appointed from time to 
.time by their Councils severally:— 

The Institution of Civil Engineers, 

The Institution of Mechanical Engineers, 

The Institution of Naval Architects, 

The Institution of Electrical Engineers, 
wsrhich shall be called the Founder Institutions. 


2. The members of the J oint Council shall be appointed 
annualfy, and shall be eligible to s^rve for not more 
than four years consecutively. One of the first two 
appointed by each Institution shall serve for not more 
than two years, but shall be eligib^le for re-appointment 
for a furth^ period of not more than four yeaxs 
consecutively. 

3. The Chairman shall be elected annually by the 
Joint Council, and the Secretary of the Institution 
represented by the Chairman for the year shall act as 
Secretary of the Joint Council. The Chairman shall be 
chosen hrom the several Institutions in rotation. 

4. The Joint Council shall consider matters referred 

to it by the Council of any one of the constituent Insti¬ 
tutions. It shall not initiate proposals affecting the 
Institutions, and shall be an advisory body without 
executive powers. , 

The Engineering Joint Council have made the 
following Bye-Laws:— 


BYE-LAWS. 

I. Session and Meetings. 

1. The Session shall commence on the 1st May of 
each year and continue until the 1st May- of the 
following year. 

2. At least two meetings in the year shall be held, 
one in November and the other in March, and additional 
meetings shall be held if and when considered desirable 
by the Chairman. At least two weeks* notice shall be 
given of the date upon which such meetings are to 
be held. 

3. The Councils of tlie several Institutions forming 
the Joint Council shall be asked to nominate and com¬ 
municate to the Secretary for that year, the names of 
their representatives on the Joint Council before the 
beginning of March in each year, 

4. The Engineering Joint Council at the meeting in 
March shall elect the Chairman and appoint the 
Secretary for the Session commencing on the 1st May of, 
that year. 

6. At the commencement of the new Session tlie 
Secretary for the previous Session shall hand over to 
his successor in office all documents,, books and papem 
relating to the Joint Council. 

II. Proceedings of the Joint Council. 

1. No decision, other than those provided for in 
Clauses 3 and 4 of this Section, shall be taken by the 
Joint Council on matters referred to them unless at 
least one-half of the Joint Council be present, and any 
decision to be effective must be confirmed at a subse¬ 
quent meeting at which at least one-half of tjjie Joint 
Council are present. Any such decision shall be com¬ 
municated to the members of the Joint Council before 
the confirmatory meeting, and when confirmed shall be 
communicated to tlie Secretaries of the several Institu¬ 
tions represented on the Joint Council. 

2. All matters other than those referred to in 
Clauses 3 and 4 of this Section shall be decided by a 
majority of those present and entitled to do so voting in 
favour thereof. 
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3. The Joint Council may admit other Institutions 
or Societies to representation on the Engineering Joint 
Council, provided that all the representatives on the 
Joint Council who are entitled to do so vote in favour 
of such admission afid in like manner confirm such 
action at a subsequent meeting® The conditions under 
which any such Institution or Society shall be admitted, 
and the number of their representatives, if any, on the 
Joint Council, shall be determined by the Joint Council 
at the time of the admission of such Institution or 
Society. 

4. The Engineering Joint Council may terminate the 
membership of any Institution or Society, admitted as 
in Clause 3 of this Section, if the representatives of all 
the other Institutions who are entitled to do so vote in 
favour of such a course, and in like manner confirm 
such action at a subsequent meeting. 

5. The Joint Council shall have authority to make 
rules for its own guidance, provided they are not 
inconsistent with the Constitution and Bye-Laws. 

III. The Secretary. 

The Secretary shall keep all minutes of the meetings 
of the Joint Council, which shall be treated as confi¬ 
dential, and shall conduct the correspondence of the 
Joint Council. 

IV. Expenditure, 

Incidental expenses incurred by the Joint Council 
shall be defrayed by the Institution from which the 
Chairman and Secretary have been appointed for the 
time being, provided that the matter be brought up 
for consideration by the Joint Council year by year. 
The question of defraying extraordinary expenditure 
not included in the above shall be considered from time 
to time as it arises. 

V. Withdrawal of an Institution or Society from 
' THE Engineering Joint Council. 

Any Institution or Society may withdraw from 
membership of the Engineering Joint Council at the 
end of any sessional, year, provided three months’ 
written notice be given to the Secretary of the Engi¬ 
neering Joint Council by the Secretary of the Institution 
or Society concerned. 


VI. Alteration of Bye-Laws. 

No alteration or revision of the Bye-Laws shall 
become effective until it has received the approval of 
the Council of each of the Founder Institutions. 

April 1923, 

REPRESENTATION OF ENGINEERING 
INSTITUTIONS ON THE JOINT COUNCIL, 

RULES. 

The following Rules framed in accordance with the 
provisions of Section II, Clauses 3, 4 and 5, of the 
Bye-Laws, have been adopted by the Joint Council on 
9th AprU, 1923 

1. For the purpose of admission to representation on 
the Joint Council, Institutions shall be grouped as 
follows:— 

Group A ,—Constituent Institutions, i.e. Institu¬ 
tions representing important branches of Engineering, 
who have adopted examinations or equivalent 
qualifications for admission to their corporate 
membership, and of which the number of corporate 
members is sufficiently large in the opinion of the 
Joint Council to justify admission to this Group. 
Institutions in this Group would have one representa¬ 
tive on the Joint Council who will be entitled to vote. 

Group B .—Affiliated Institutions, i.e. Institutions 
whose interests are already represented on the Joint 
Council (by reason of a large proportion of their 
members also belonging to the Founder Societies or 
to Constituent Institutions) and whose membership is 
not (in certain cases) necessarily confined to Engineers. 

These Institutions shall have the right to refer 
questions to the Joint Council, who will invite a 
• representative (who shall not, however, have a right 
to vote) to attend the meeting of the Joint Council 
at which such questions are under consideration. 

2. Institutions in Group B may be transferred to 
Group A (Constituent Institutions) when the standard 
of examinations and the number of corporate members 
justify such transfer in the opinion of the Joint 
Council. 

3. Institutions desiring to be represented on the 
Joint Council shall make application directly to the 
Secretary of the Engineering Joint Council and not to 
the Secretary of any of the Founder Societies. 

May 1923, 
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APPENDIX D. 

THE INSTITUTION OF ELECTRICAL ENGINEERS. 
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Committees. 

Benevolent Fund 

Electrical Appointments Board 

Examinations 

Finance 

General Purposes 

Informal Meetings 

Library 

Local Centres 

Membership 

Papers 


Committees. 

(Special.) 

Electricity in Agriculture 
Electricity (Supply) Regulations 
Examinations Sub-Committee 
Model General Conditions 
Patent Law 
Proving House 
War Memorial 


Paul Scholarship 
** Science Abstracts ** 

Ship Electrical Equipment 
Wireless Section 
Wiring Rules 

/Electricity in Mines 

Ig Electro-Chemistry and Electro- 
13 Metallurgy 

^ i 1 Power 

^ ^ Telegraphs and Telephones 
^Traction 


(Continued from foot of cot. 3.) 

Radiographers, Society of 

Rdntgen Society Advisory Committee ^or British 
X-Ray Industry 
Royal Engineer Board 
Royal Sanitary Institute Congress, 1924 
Scientific and Industrial Research Advisory Council, 
Engineering Committee 

Standing Joint Education Committee for National 
Certificates in Electrical Engineering 
Transport, Minisiry of. Advisory Panel 
Union of Lancashire and Cheshire Institutes, Panel 
for Engineering ( 

Women's Engineering Society 
World Power Conference, 1924 


Bodies on which the Institution is 
Eepressnted. 

Alloys of Iron Research (Royal Society) 

Birmingham Chamber of Commerce 
Bradford Public Libraries Committee 
Bristol University 

British Electrical and Allied Industries Research 
Association 

British Empire Exhibition, 1924 
British Engineering Standards Association 
British National Committee of the International 
Electrotechnical Commission 
British National Illumination Committee of the Inter¬ 
national Illumination Commission 
Corrosion Research Committee of Institute of Metals 
Darlington Board of Invention and Research 
Electrical Development Association 
Engineering Joint Council 
Fifth International Road Congress, 1926 
Ftanklin Institute Centenary Celebrations, 1924 
Fuel Economy Committee of British Association 
Imperial College of Science and Technology, Govern¬ 
ing Body 

Imperial Mineral Resources Bureau Conference 
Institution of Civil Engineers, Engine and Boiler Test¬ 
ing Committee 

Institution of Heating and Ventilating Engineers, 
Utilization of Exhaust Steam and Waste Heat 
Committee 

International Mathematical Congress, 1924 
International Scientific Unions 
International Testing Association 
• Kelvin Centenary, 1924 (Royal Society) 

Leeds Civic Society 

Leeds Municipal Technical Library Committee 
Loughborough Technical College Advisory Committee 
Metalliferous Mining (Cornwall) School, Governing Body 
Middlesbrough Technical College 
Mines Department, Electrical Storage Batter? Loco¬ 
motive Committee 

National Committee for Physics (Royal Society) 
National Committee in Radio Telegraphy (Royal 
Society) 

National Physical Laboratory, General Board 
National Register of Electrical Installation Con¬ 
tractors 

Newcastle-upon-Tyne Chamber of Commerce 
Professional Classes Aid Council 

(Continued at foot of coU 1,) 
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SALOMONS SCHOLARSHIP TRUST FUND. 

^9r. • 

®r. 

To Amount (as per last Account) . 

’ £ 8. d. 

... 2,126 19 3 

By Investments (at cost):— 

;gi,5oo New Soufn Wales 3}% Stock (1924) ... 
;^5oo Cape of Good Hope 3j% Stock (1929-49) 

£ 8. d. 

■ 1.556 5 9 
570 13 6 


;^2,I26 19 3 

;^2,I26 19 3 

SALOMONS 

)Br 

SCHOLARSHIP TRUST FUND (Income). 

€x. 

To Amount paid to Scholars in 1923 
„ Balance ccarried to Balance Sheet * 

£ 8. d. 

... 62 10 0 

48 s 0 

By Balance (as per last Account) .. 

„ Dividends received in 1923 . 

£ 8. d. 

40 14 11 

70 0 I 


£110 15 0 


IS 0 


DAVID HUGHES SCHOLARSHIP TRUST FUND. 

. ^r. €x. 


£ s. d. 

To Amount (as per last Account) .2,000 o 0 


£ 8. d. 

By Investment (at cost):— 

Staines Reservoirs 3% Guaranteed De¬ 
benture Stock (1922 or after).1,998 15 0 

„ Balance carried to Balance Sheet * . i 5,0 

:^2,Qbd o 0 


£2^000 o o 


DAVID HUGHES SCHOLARSHIP TRUST FUND (Income). 

)Bt. ^ '• €x. 


To Amount paid to Scholars in 1923]*' 

„ Balance carried to Balance Sheet * ... 


£ 8. d. 
SS 0 [0 
58 8 4 


By Balance (as per last Account) 
„ Dividends received in 1923 
„ Interest do. do. 


£ s. d. 
51 14 0 
61 13 10 
006 


8 4 


8 4 


PAUL SCHOLARSHIP FUND. 

- «r. 


£ 8. d. 

To Amount (as per last Account) . 500 0 0 

£ 8. d. 

By Investment (at cost):— 

;^625 4% Funding Loan (1960-90) . 500 0 0 

:^500 0 0 

£500 0 0 



PAUL SCHOLARSHIP FUND (Income). 

,€x. 

£ 8. d. 

To Amount paid to Scholar in 1923 . 37 10 0 

„ Balance carried to balance Sheet * . 25 0 0 

£ s. d. 

By Balance (as per last Account)*. 3710 0 

„ Dividends received in 1923 . 25 0 0 

^ £62 16 0 

£62 10 0 


« Included in the total of os. od. shown on the UablUttes side of the Balance Sheet 
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WILDE BENEVOLENT TRUST FUND. 


nt- 




To Amount (as per last Account) 


£ s. d. 
2,798 10 2 


£2,7gS 10 2 


By Investments (at cost) :-w 

1,308 London and North Eastern Railway 4% 

First Guaranteed Stock. 

£100 London County 3j% Consolidated Stock 


£ s- d. 


1,744 3 II 


(1929 or after) . 

loi 

8 

6 

;^250 New South-Wales 4% Stock (1942-62) 

... 251 

6 

0 

£100 3i% War Stock (1925-28). 

94 

8 

8 

100 5% War Stock (1929-47) . 

95 

0 

0 

£ 3 ,Si iSs. Id. 4% Funding Loan (1960-90) 

300 

0 

0 

;£2oo 5% National War Bonds (1928) ... 

211 

II 

0 

Balance carried to Balance Sheet * 

0 

• 

12 

I 


£^,7^ 

10 

2 




WILDE BENEVOLENT TRUST FUND (Income). 

€t. 


To Balance canned to Balance Sheet * 


£ s. d. 
... 182 9 7 


;fi82 9 7 


By Balance (as per last Account) 
„ Dividends received in 1923 
„ Interest do. do. 


£ 8. d. 

79 ^5 5 
99 18 o 
2 16 2 


;£i82 9 7 




WAR THANKSGIVING EDUCATION AND RESEARCH FUND (No. i). 

(tr. 


To Amount (as per last Account) 


£ s. d. 

... 1,700 o o 


£ijo 6 o o 


By Investment (at cost):— 

;^2,ooo 5% War Stock (1929-47)... 


£ s. d. 

... 1,700 o o 
;fi,7oo o o 


WAR THANKSGIVING EDUCATION ‘AND RESEARCH FUND (No. i) (Income). 

(Ir. 


To Grants made in 1923 . 

,, Balance carried to Balance Sheet 


£ s. d. 
150 o o 
loo O 0 

£250 o o 


By Balance (as per last Account) 
,, Dividends received in 1923 


. ^ s. d. 

150 0 0 
... 100 0 o 

;^250.0 o 


Included in the total of ^^416 os. od, shown on the Liabilities side of the Balance Sheet. 
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I have audited the above Balance Sh et and Income and Expenditure Account with the Books and Vouchers and certify th m to be corr ct, and have verified 
the Investments with Certificates from Bankers. Tl^e Investments, which are stated at cost, are subject to depreciation. 

JAS. ATTKIELD, F.C.A., 

24fh Aprils 1924. Honorary Auditor. 
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DEVELOPMENT OF. THE BELLINI-TOSI SYvSTEM.OF tflRECTION- 
FINDING IN THE BRITISH MERCANTILE MARINE. 

By Commander J. A. Slee, C.B.E., R.N. (Ret.), Member. 

{Paper first received llth August, 1923, and in final form \ January, 1924; read before the Wireless Section ^th March, 1924.) 


Summary. 

The paper gives an account of the various sources of error 
'which have been encountered during the development of the 
Bellihi-Tosi system of wireless direction-finding as an aid to 
navigation in the British mercantile marine. These errors 
can be isolated and their causes removed one by one. 

The application of the instrument to the purposes of 
navigation is also dealt with, and the possible errors, external 
to the ship, which may be encountered are considered. 

A table is attached showing the high degree of accuracy 
which has now been attained. 


(1) Retrospect. 

The following notes concern the development of 
<iirection-fi.nding on the Bellini-Tosi system, in which 
two fixed loop aerials at right angles to one another 
are used in conjunction with a rotatable search coil. 
The results mentioned have been obtained with spark (as 
opposed to continuous-wave 6t interrupted continuous- 
wave) telegraphy. 

The first attempts were made with loop aerials, 
•each tuned independently to the frequency of the signal 
th direction of which it was desired to obtain, the 
loop aerials being very loosely coupled to the searclf 
coil and its circuits. This system, which had given 
admirable results on land, was found when jfitted in 
an iron ship to be too difficult to work and to possess 
too grave errors of a quadrantal nature to be of practical 
value for navigational purposes, the only justification 
for its existence in the mercantile marine. 

The method of using untuned loops, usually, though 
incorrectly, called aperiodic loops, was then resorted 
to, and promising results were at once obtained. 

(2) Errors Encountered. 

{a) Calibration error ,—In all that follows,- the word 

loop is used to convey the idea of the whole arrange¬ 
ment used to absorb energy from the ether, including 
the field coil, lead-covered cable and junction boxes, 
as well as the siinple loop itself. The capacity present 
in this ^circuit is a complex quantity, of which the 
greater part is the capacity between core and core 
of the lead-covered cable. Such a circuit has a well- 
marked natural frequency. The expression ** simple 
loop is used to denote that portion of the whole 
which is purposely opened out so as to enclose a con¬ 
siderable area. 

An analysis of the,natnre of the errors obtained when 
identical loops were used -broi^ght forward the funda¬ 
mental conception on which all subsequent work has 
been based; that is to say, the idea that the ship 


I herself with all her rigging might be imagined to be 
I replaced by a fictitious simple loop lying in the vertical 
plane and parallel to the keel line of the vessel. The 
action of this fictitious simple loop is taken into con¬ 
sideration when determining the area of the fole-and-aft 
loop of the complete direction-finder system. 

Since this fictitious simple loop is fore-and-aft, and 
since its effects cannot be ignored or eliminated and 
must not be allowed to produce an effect equivalent 
to mutual induction between tlie two tangible simple 
loops of the aerial system, it is clear that one of the 
two tangible simple loops must be parallel to tlie fic¬ 
titious simple loop, that is to say, fore-and-aft. There¬ 
fore the other tangible simple loop must be athwartships. 

Since the tangible fore-and-aft simple loop is co- 
planar with the fictitious ship simple loop, there will 
be considerable coupling between these two, and there¬ 
fore the current circulating round the tangible fore- 
and-aft loop will, under any given conditions, he greater 
in some geometrical proportion than would be expected 
from a consideration of the dimensions of the fore-and-aft 
loop alone. 

If identical loops were used, the result of the above 
would be that the directions as observed would tend 
to be crowded towards the fore-and-aft line, the error 
being a maximum when the correct relative bearing is 
on the bow or quarter, and vanishing when the correct 
relative bearing is abeam, or ahead, or astern. 

This error, whicli is now in practice usually given the 
name of '' calibration error," can be completely re¬ 
moved by reducing the area of the tangible fore-and-aft 
loop, or by adding to its impedance, or by a combination 
of these two methods. It is usual in practice to employ 
the largest convenient thwartship loop (up to an area 
of about 400 sq. ft.), and to adjust the size of the fore- 
and-aft loop until a slight calibration error remains, 
finally removing it by adding impedance equally to 
the two limbs of the fore-and-aft loop. 

(6) Loop-tuning error ,—The previous paragraph shows 
that the two loops are essentially of different dimensions 
and therefore, in all probability, of different natural 
frequencies. If both the loops are very considerably 
different in frequency from that of tlie signal to be re¬ 
ceived, the current circulating in each will be almost in 
quadrature with, the voltage applied by the incoming 
wave, and therefore the currents floiving round the 
two loops will be almost exactly in phase with one 
another. Further, the value of the current reached 
in each loop will be almost exactly proportional to 
the voltage applied to that loop by the incoming wave. 

If the first of these two conditions (similarity of 



544 SLEE: DEVELOPMENT OF THE BELLINI-TOSI SYSTEM OF DIRECTION- 


phaseof circulating currents) is not made good, the 
familiar rotating-field effect will be produced on the 
search coil. Since the position of zero coupling between 
the search coil and the field coils which are connected 
to the loops is the indcJSc by which directions are measured, 
the effect of such a rotating fiela is to fog the observation 
by obscuring the position of zero signals. 

Also, if one loop happened to be of the same, or 
very nearly the same, frequency as the" incoming wave, 
the circulating current round it would be greater, in 
proportion to the voltage applied, than the current 
in the other loop (by hypothesis of different frequency) 
and therefore less nearly in resonance with tlie incoming 
wave. Therefore the proportionality between impressed 
voltage and circulating current will be different in 
the two loops, and a quadrantal error similar in effect 
to calibration error will .result. Its extent will vary 
with alteration of wave-length of the received signal, 
and will vanish if the frequency of the incoming wave 
is midway between the frequencies of the two loops. 
As such an error varies with wave-length, it is quite 
inadmissible. These two effects of one cause are in 
practice lumped together under the name of “ loop¬ 
tuning error.*' They can be completely avoided by 
fitting loops of suitable dimensions in the first place, 
and are almost unheard-of in practice. 

(c) Lach-of-symmetry evYor, —If we consider the current 
flowing in any part of a vertical loop under the influence 
of an incoming ether wave, it is clear that there are two 
distinct components. One is a circulating current 
round the loop. The cause of tliis current is as follows :— 

‘ If we imagine each half of the simple loop from apex 
to junction box to be replaced by its phantom vertical 
projection, the incoming wave will induce, a voltage 
between the two ends of each phantom projection, 
the potential to which each of these^four ends is raised 
at any instant, by effects of tlie incoming wave, being 
different. If the plane of the simple loop is not parallel 
to the wave-front, the voltages induced in the two 
phantom vertical projections will be unequal, and the 
difference between them is the useful voltage available 
for the production of a circulating current. For brevity, 
this, current is in practice called the ''loop current," and 
clearly the instantaneous value of the voltage causing 
it depends upon the height and distance apart of the 
phantom projections (in practice, the area of the loop) 
and the rate of change of intensity of electric and 
magnetic stresses caused by the incoming wave at 
the instant under consideration. 

The other component is a simple alternating current 
flowing in both sides of the complete loop from tlie 
, apex to the mid-point of the field coils, the actual current 
distribution being to a great extent governed by the 
capacity to earth of the various parts of the loop... For 
the sake of brevity this current is in practice called 
the " plain current," and the instantaneous voltage 
to which it is due is caused by the instantaneous value 
of the electric and magnetic stresses set up by the 
incoming wave. 

Hence we see that the "loop" voltage and the 
" plain " voltage are in quadrature, the loop current 
leading or lagging relatively to the loop voltage in 
accordance with the electrical, pbnstants of the loop 


circuit, while the plain current will lead or lag relatively 
to the plain voltage in accordance with the electrical 
constants of the plain circuit. 

If the construction of the loop and its attendant 
field coil is perfectljr symmetrical electrically, the plain 
current will be equally divided between the two halves 
of the loop, and the effects of each half of the field 
coil on tlie search coil will neutralize one another. 

Absence of this condition of symmetry is the most 
troublesome, the most common, and the most dangerous 
source of error. It is generally called in practice “ lack- 
of-symmetry" error, and the satisfactory operation 
of direction-finders on board ship is almost entirely 
a question of the success with which causes tending to 
produce or accentuate this error can be counteracted. 

In order to protect tlie insulation of the connections 
between the loops and the direction-finder instrument, 
and also the windings of the field coils themselves, 
from the effects of accumulated static charges or the 
induction due to transmission, the centre of each field 
winding was at first connected direct to earth. This 
direct connection accentuated the effects of lack of 
symmetry, and has since been replaced by a suitable 
inductive choke. 

The causes of Tack of symmetry are twofold: 
" permanent" lack of S 3 nnmetry due to unequal dis¬ 
tribution of any electrical dimensions between the 
two sides of a loop, which would result in unequal 
impedance in the two halves, measured from apex to 
mid-point; and " inductive" lack of symmetry due 
to re-radiation and/or induction from individual con¬ 
ducting portions of the ship’s structure, which may 
have unequal effects upon the two halves of a loop. 
The effects of the former are apparent, irrespective 
of the strength of signals, but the effects of the latter 
^increase with the strength of signals and are often 
only noticeable with very strong signals. This state 
of affairs appears to be explained as follows :— 

Consider an athwartship loop which is inductively 
unsymmetrical, the relative bearing being considered 
to be right ahead. There is zero loop current in this 
loop, but the effect of inductive lack of symmetry is 
to cause an unequal distribution of plain current between 
its two halves, and therefore there is a magnetic 
coupling between the field coil and the search coil. 
The effects of this current may be too sh'ght to deflect 
the resultant magnetic field through the field coils 
to any appreciable extent, and no error is then observ¬ 
able, but when the effect of the inductive lack of 
symmetry becomes sufficient to deflect the resultant 
magnetic field through the field coils the error begins 
to appear. There is, in short, a marked threshold 
effect observable in cases of inductive lack of symmetry. 
In cases of permanent lack of symmetry, the disturbance 
due to unequal distribution of plain current increases 
in the same proportion as the loop current, being due 
directly to the plain voltage and not to the effects 
of an outside conductor itself under the influence of 
the wave, and no threshold effect is observed. Inductive 
lack of symmetry is the source of the most elusive 
and the most dangerous errors which have been 
experienced in the application of direction-finding to 
navigation. 
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Having decided on the position of the loops, the next 
point is to decide on their form. This is a matter of 
but very little importance provided that extremes 
are avoided, but it is very desirable that there should 
be a pronounced geometrical apex to each loop. For 
sea-going work it is essential that the thwartship loop 
should have a well-marked apex, and it is advisable 
that the fore-and-aft loop should have one also. The 
reason is simple. Consider a fiat-topped thwartship 
loop. If the vessel is on an even keel the top of the 
loop is horizontal and the electrical apex is in the centre 
of the horizontal limb. If now the ship heels over, 
even to a very small angle, the apex becomes the weather 
corner and symmetry is destroyed. The same applies, 
but in a less degree, to the fore-and-aft loop. 

Lack-of-symmetry error is the only error which can 
make a bearing appear to be in the wrong quadrant, 
and lack of symmetry in the thwartship loop may 
well be sufficient to make a bearing appear to be on 
the wrong bow. ,, 

If it can be assumed that the loops are symmetrically 
rigged truly fore-and-aft and athwartships, and with 
the geometric axis of each loop directly over the point 
where the ends of the loop join its cable, and that they 
can be kept taut, then the possibility of errors due to 
lack of symmetry is reduced to a minimum ; and as 
penig^ient lack of symmetry can be detected by easily 
applied internal tests of sufficient delicacy, the actual 
danger due to lack of symmetry in all its forms is zero. 

Lack-of-symmetry error takes many forms according 
to its extent, and whether one or both loops are at 
fault. The strange diversity of results is hardly worth 
recording now that symmetry testing has been estab¬ 
lished, but it is worth noting that a combination of 
slight lack-of-symmetry error and a slight electrostatic 
error often has the effect of leaving one zero accurate 
and sharp and the other very woolly.” It is some¬ 
times necessary to accept tliis as a temporary measure, 
and to let well alone. 

(d) Plain tuning error ,—^The remaining inherent error 
is due to the effects caused by the frequency of one 
loop, viewed as a simple plain aerial, being very nearly 
in tune with the incoming wave when the frequency 
of the other loop is somewhat less nearly in tune. Tliis 
error is comparable with loop-tuning error and fe 
negligible if loops of proper dimensions are used. The 
adoption of the inductive choke mentioned in the 
preceding paragraph renders the loops viewed as 

plain ” aerials practically aperiodic (in the true sense 
of the word) and is now almost unheard of. The 
effects are zero if perfect symmetry exists ; if not, it 
accentuates the lack-of-symmetry efror on certain 
waves. It is generally called plain tuning error.” 

{e) Electrostatic error ,—^There are also two inherent 
instrumental errors. Of these the more important 
is the result of superposing the stray capacity coupling 
between the field coils and the search coil upon the 
magnetic coupling. The effect of this stray capacity 
coupling is to distort both positions of zero resultant 
coupling, and, although the line bisecting the angle 
between the observed zeros' is at right angles to the 
proper zero due to magnetic coupling only, the presence 
of this error is detrimental to rapid arid accurate work. 
VOL. 62. 


It can be practically annihilated by the interposition 
of an earthed shield between the windings of the trans¬ 
former connecting the search coil with the tuning con¬ 
denser. It is most noticeable whbn the stray capacity 
is large in proportion to the tuning capacity, that is 
to say on the shorter waves, when the tuning capacity 
is very small. This is commonly called the electro¬ 
static error. 

(/) Coupling error ,—^The second instrumental error is 
due to the fact tliat as the search coil is rotated the 
coupling between the search coil and either of the field 
coils does not vary exactly in accordance with a cosine 
curve. By spreading out the windings of the search 
coil on one side of its former in a V shape, this 
error, which is never as much as 1°, can be made to 
reach its maximum and fall to zero eight ^ times in 
the 360°, and so long as ” swing ” readings are used 
it is truly negligible, and in practice no notice is taken 
of it. This is the cause of the important difference 
in practical working between systems employing 
” tuned ” and ” untuned ” loops. In the former case 
the arc through which the search coil can be moved, 
while still preserving inaudibility of a naturally good 
signal, is very small—^perhaps only 2° to 3°—and under 
these conditions what are familiarly known as ” sitting ” 
readings can be taken. In the latter case the arc 
of inaudibility is usually 20°-40° and ” sitting ” readings 
are impossible ; only swing readings can be used, and 
these of necessity eliminate the second instrumental 
error. 

The colloquial term ” swing readings ” means observ¬ 
ing the position of the pointer which gives equal strength 
of signals on either side of the arc of inaudibility, and 
taking the meam of these two positions as the position 
of true zero. It is usual to observe the position in 
which the signal just becomes inaudible. Bearings are 
perfectly reliable with vanishing points up to 60° apart. 

(3) Construction of Loops. 

From the foregoing it is clear that, given a properly 
constructed direction-finder, everything depends upon 
the erection of electrically symmetrical loops of the 
correct relative areas, the planes of the loops being 
necessarily vertical and at right angles to one another. 
One must be exactly fore-and-aft and the other exactly 
athwartehips, but there is no reason why their planes 
should intersect, and no practical disadvantage is found 
if they do not do so, so long as the distance between 
their axes is small in comparison with a quarter wave¬ 
length. 

It should be noted that there is no obvious theoretical 
reason why the fore-and-aft loop should be on the 
centre line of the ship, though common sense indicates 
that it is desirable to place it tliere. No experiments 
have been tried with fore-and-aft loops out of the centre 
line, as every effort has been concentrated on producing 
a seamanlike and trustworthy aid to navigation, and 
no opportunity has offered for academic investigation. 
One fore-and-aft loop accidentally fitted a little off 
the centre line gave indifferent results. 

Under ordinary sea-going conditions a subsidiary 
difficulty is experienced. If the loops cannot be made 
permanent, but have to be lowered and re-hoisted 

36 
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frequently, there is a great likelihood of the symmetry 
being destroyed in the process. Tliis has been found 
to be a very real and serious cause of trouble. 

Summarizing the ^above, i-^ is clear that the main 
practical difficulty lies in the selection of a suitable 
position for the loops and in the appropriate arrange¬ 
ments for rigging them. Before selecting the position 
of the loops it is first necessary to decide on the position 
of the direction-finding instrument. As far as the 
mercantile marine is concerned, it is highly desirable 
to have the instrument in the wireless room. It should 
be under the charge of the telegraphist and always 
available for practice, and when using it he should be 
in his own place and not an intruder among the navi¬ 
gating staff. The position of the direction-finding 
instrument must to some extent limit the choice of 
positions for the loops, on account of the capacity of 
the connecting leads. 

For tliis purpose twin lead-covered paper-insulated 
cable is used, the cores each consisting of one strand 
of 20 L.S.G. copper, and with this cable a total length 
of 100 feet is permissible from the direction-finder to 
the commencement of tlie loops. This figure is based 
on the assumption that the loops are to be large enough 
to allow good bearings to be obtained up to a distance 
of 100 miles on spark waves between 400 and 1 000 m, 
and small enough to avoid " loop-tuning" error on 
400 m. 

Experience shows that the larger the ship the larger 
should the loops be for a high degree of accuracy. 
Small loops, even down to an area of 70 sq. ft., have 
given accurate service at ranges up to 30 miles in smah 
ships, though they are not accurate in large sliips. The 
reason for this appears to be best explained if the state 
of the electric field among the rigging, funnel, boat 
gear, etc., of a large ship be regarded as a mass of eddies, 
in which loops large in proportion to their surroundings 
are affected by many such eddies tending to balance 
one another and thus give an accurate average result, 
whereas loops small in comparison with their surround¬ 
ings are more likely to feel the effect of a single eddy 
and thus give inaccurate bearings. 

Experience has shown that loops work well for all 
frequencies lower than their own natural frequency, 
but they are very unsatisfactory for frequencies higher 
than their own. Obviously, the capacity fi;om core 
to core of the lead-covered cables is a very important 
factor in determining the " loop ** frequency of each 
aerial, and the capacity from cores to lead covering 
is of similar importance in detei*mining the '' plain 
frequency of each aerial. The core-to-core capacity 
also acts as a shunt to the field coils, and, briefly speak¬ 
ing, the shorter the cables the better are the results. 

Having complied with the limits imposed by tlie 
permissible length of cable, a search must be made 
for some place where the loops can be erected and in 
which it will not be necessary to lower them. For 
work under mercantile marine conditions as outlined 
above (400 to*1000 m,spark), the area of the loops 
st^ould lie between 200 and 400 sq, ft. 

No.part of the loop should come within 6 ft» of earthed 
metal, and if the disposition of such earthed metal is 
not symmetrical-about the'axis of the loop this dis¬ 


tance must be increased to at least 12 ft. This figure 
is not yet defipitely fixed, but there is clear evidence 
of evil effects at distances up to 10 ft., and it is quite 
possible that the safe distance may be as great as 20 ft. 

If unsymmetrical objects, such as ventilators or 
hatches, ate unavoidable, they must be screened^by the 
interposition of an earthed plane—^say wires 1 ft. apart 
—at least 6 ft. wide and symmetrically disposed on 
each side of the axis of the loop which it is intended 
to shield. Satisfactory results are obtained if the 
screen is midway between the nearest limb of the loop 
and the object from which' it is to be shielded. If 
■these precautions are neglected, evanescent errors 
may occur due to, for instance, the opening and 
shutting of large iron skylights; turning of ventilators, 
ete. 

By far the best construction for loops, working 
within the limits of wave-length mentioned in this 
paper, is to support them on five light spars, so that 
the dimensions of the loop are about 8 ft. high by 
30-40 ft, wide, tlie apex being about 6 ft. above the 
upper outer comers. Spars about 26 ft. long with 



Fig. 1. —^Direction-finder aerials supported on posts; 
s.s. *'Motagua.'* 


6-in. heel tapering to 4-in. heads will generally meet 
the case, or a bridge can take the place of one of the 
spars, or even of two of them. These spars must be 
placed with accuracy, the error of alignment of the 
Sheaves not being allowed to exceed 1 in. Such an 
outfit can, as a rule, be made absolutely permanent, 
and is independent of changes of temperature and the 
working of the ship in a seaway. Figs. 1 to 3 show 
various methods of attaching aerials. 

The insulation of the apex of the loops is not of very 
great importance, but at all other points at least a 10-in. 
surface should he provided. 

Very considerable trouble has been experienced in 
the past due to injury to the lead-covered cabld be¬ 
tween the loops and the direction-finder instrument. 
These are now generally run in steel conduits. Armoured 
lead-covered cable has been tried, and is satisfactory 
if either the lead sheathing or the. armouring can be 
earthed at intervals of not more than 20 ft,; but, on 
the whole,. plain lead-covered wire in steel cdnduits is 
the most satisfactory. 

The ends of the paper cable are protected by cast- 
iron bifurcating boxes of the usual commercial pattern^ 
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When close to a compass wooden boxes are used. One 
of the minor difficulties of installing a direction-finder 
set in a ship is the protection of the ends of the paper- 
insulated cable from damp during Jhe work of fitting. 

After the loops are erected and have been proved 
to be geometrically correct and good for continuity 
and high insulation, they should be excited singly 
by a shunted buzzer as loops (not as plain aerials) 
and their wave-length checked. This should be below 
400 m, preferably below 350. 

The symmetry test should then be applied and, if 
the loops prove correct, the work of calibration can 
be commenced. But it is absolutely useless to attempt 
to calibrate until loop-tuning and lack-of-symmetry 
•errors have been eliminated. 

(4) Testing for Symmetry, 

The principles on which a symmetry tester is arranged 
.'are as follows : 

ConsMer a single loop with its field coil. Let this 
be excited as a " plain aerial—say by means of a 



Fig. 2.—Direction-finder aerials fitted on posts; 
s.s. ''Mooltan.'" 


shunted buzzer connected to a straight lead betwee’H 
the mid-point of its field coil and earth. If the loop 
under test is symmetrical, current will be exactly 
divided between the two halves of the field coil and, 
consequently, there will be zero resultant magnetic 
coupling between the field coil and the search coil. 
There will be a certain electrostatic coupling between 
the field and search coils, which will Be greatest when 
the search-coil windings are nearest to the field coil 
under consideration. If the search coil is turned 
round, clear signals will be heard in the telephones, 
and the strength of signals should be adjusted by means 
of the coupling to the shunted buzzer until they are 
just comfortably audible at the maximum positions. 
If, now, one side of the loop be disconnected—giving 
the maximum lack of symmetry—signals will become 
very much louder and will be audible nearly all round 
the scale. A very slight lack of symmetry will cause 
..a, magnetic coupling between the field and the search 


coils, which will have its maximum effect in the same 
position as the electrostatic coupling. As the magnetic 
coupling is dependent on the sense of the windings, 
and the electrostatic coupling is^ not, these two will 
be in conjunction in one position of the search coil 
and in opposition in the opposite position, a slight lack 
of symmetry being betrayed by the fact that the signals 
are not of equal strength when the pointer is at these 
two opposite positions on the scale. 

When both loops are joined to their field coils and 
the whole system is excited through its common mid¬ 
point as above, it might be expected that signals would 
(under suitable conditions of buzzer coupling) be just 
audible when the search coil was exactly inside each 
field coil, so giving four positions of audibility at 0°, 
90°, 180° and 270° (scale marked with 0° riglit ahead), 
but this is not the case, as the two combined electro¬ 
static couplings have their maximum intensity at 45°, 



Fig, 3.—Direction-finder aerial hung from jumper stay. 


135°, 225° and 315°. This is possibly a peculiarity of 
construction of the instruments with which all available 
experience has been gained. 

Hence the result of exciting a pair of properly sym¬ 
metrical loops is to produce zones of cleaiiy audible 
signals when the pointer is near to 45°, 135°, 225°, 
316°, with well-marked silent zones around 0°, 90°, 
180°, 270°. If one of the loops is but very little out 
of symmetry the silent zone about one of thesj^ points 
is obscured, and signals at one pair of 45° are louder 
than at the other, with the I'esult that signals become 
audible over a wide band about 0° and 180° (or 90° 
and 270°) with ill-defined minima between. 

It has been found in practice that if the lack of sym¬ 
metry is such that the zero is lost at 0°, 90°, 270° or 
360° without destroying the perceptible maxima at the 
45° positions, bearings will still be quite accurate wKen 
tjie mid-point is used unearthed, except for its static 
leak. 
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To sum up :— 

(a) Perfect symmetry is indicated by signals of equal 

strength at^the four 45° positions, with clear 
zeros between. 

(b) Very slight lack of symmetry is indicated by 

signals at one pair of 45° positions being stronger 
than at the other pair, clear zeros still existing. 

(c) Slight lack of symmetry is indicated by signals 

as at {a), but with the zero between the loudest 
positions obscured. 

Bearings are still practicable under any of the above, 
provided that the mid-point is not earthed. 

As the lack of symmetry becomes greater, the maxima 
at the 45° positions disappear, loudest signals appear¬ 
ing witlS the pointer at one of the 90° positions. In 
all cases signals are loudest when the search coil is 
under the field coil of the defective loop. 

These symmetry tests are very critical and easy to 
apply. They disclose any doubtful contact or poor 
insulation, as well as uneven distribution of inductance 
or capacity. Unhappily, they do nothing towards 
the detection of inductive lack of symmetry of the 
magnitude likely to be met with at sea, which can only 
be tested for the observation of external )earings with 
very strong signals. 

(5) Calii^ration. 

Calibration is perfectly .simple pi-ovided that the 
ship is well clear of cranes, sheds, etc, A station having 
a bow or quarter bearing should be selected, and if the 
observed bearing is too near the fore-and-aft line the 
fore-and-aft loop must be reduced—or the impedance 
increased—un til the bearing is correct. If all other 
errors have been eliminated, the correction of a single 
bow or quarter bearing implies accuracy all round, 
but it is as well to take some check observations. 

Under practical conditions the fore-and-aft loop is 
usually about four-fifths the area of the thwartship 
loop, and a reduction of 1 ft, on each side of the bottom 
of the fore-and-aft loop will produce a correction of 
about 1° in a bow or quarter bearing. Such figures 
are empirical and very rough, but they give some idea 
of the state of affairs. 

Calibration can be carried out only on or very near 
the bow and quarter bearings. 

The final external test is for inductive lack of sym¬ 
metry, which should be carried out with very strong 
signals very nearly right ahead and on the beam. In 
the absence of errors due to this cause, the direction¬ 
finder can be trusted, but it must be remembered that 
the loops, and especially the lower parts, are almost 
as senisitive as a magnetic compass to the influence of 
external objects. A pile of Caiiess rafts placed tem¬ 
porarily under one limb of a loop, and a wet signal- 
halyard passing near one limb, have been recorded as 
producing’ errors of 5°, and a wire whistle-lanyard 
passing near one side of the fore-and-aft loop has been 
identified as the cause of an error of 14°. 

, It is well established that under conditions in which 
all the above can be eliminated, the errors of a Bellini- 
Tosi direction-finder need never exceed 1°. 

When using a direction-finder in a ship at sea it is 


imperative that the main aerial shall be completely 
disconnected from earth. Otherwise, large errors of 
a quadrantal nature will be introduced. If the main 
aerial passes close ^to either of the loops it is not suffi¬ 
cient to disconnect between the transmitting apparatus 
and the earth connections ; the main aerial must be 
disconnected immediately it enters the wireless room. 
The reason for this is that there is sufficient stray 
capacity in the transmitter to allow so much current 
to flow in the main aerial that the resultant loop " 
current is affected. 

Calibration cannot be completed if the ship is lying 
near to cranes or dock sheds, although an approximate 
result can be obtained. The work must be completed 
with the ship at sea. 

The symmetry tester will reveal the impossibility 
of calibration. A pair of loops which give excellent 
results, and which test perfectly for symmetry when 
the ship is at sea, will appear to be hopelessly at fault 
if the ship is near to cranes, etc. The symptoms are 
different from those of slightly unsymmetrical loops— 
the usual effect being that the positions of all zero 
signals are slewed round bodily about 20°. 

(6) Application. 

riaving established a direction-finder in correct 
adjustment, the problems of making full use of it as 
an aid to navigation can be tackled. The outstanding 
point is that a direction-finder takes relative great- 
circle bearings, that is to say, great-circle bearings 
relative to the keel line of the ship. These must be 
converted into true mercatorial bearings befoi'C they 
are of any use for navigation. If the ship is yawing, 

, the observation of the direction of the ship's head at 
the moment when the bearing was taken may be rather 
vague. The usual practice is for the operator to ring 
a bell when the direction-finder bearing is taken and 
for the direction of the ship's head by compass to be 
noted when the bell rings ; and considerable combined 
practice between bridge and wireless room is necessary 
before the gap between a good direction-finder bearing 
and a serviceable true bearing can be filled up. 

Taking all the above into account, for the purpose 
of making up the attached tables bearings are reckoned 
hs being " correct " if they do not err by more than 
2° from that worked back from a recent position by 
observation, 1° being allowed for residual direction¬ 
finder errors and operator's observation, and 1° fox- 
errors developing in the operation of translating the 
direction-finder bearing into a true bearing. 

Direction-finder bearings at distances of over 50 
miles are not as a rule of any great service, and at 
distances over 100 miles they are only a rough guide. 
This is not because of the liability to error being 
. increased, but because the fix so obtained is so very 
rough in comparison with older established methods 
of navigation. 

The position is considei-ably improved in ships where 
a gyro-compass repeater is installed in the wireless 
room. In such cases a '' true bearing indicator " is 
fitted whereby the beaiing is read off on the face of the 
repeater instead of on the direction-finder scale, and 
the true bearing can be arrived at in one operation. 
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It is obvious that the measurement of " direction 
is in fact a measurement of the direction in which the 
plane of the advancing wave-front lies, and if this is 
not at right angles Jco the line of advance of the wave 
the direction as observed wilhbe subject to error. Any 
such distortion of wave-front must introduce errors 
wliich cannot be detected at the receiver, and the well- 
known “ land effect and night effect ** are the 
common manifestation of this wave distortion. Night 
effect is generally accompanied by an unusual “ wool¬ 
liness of zeros,, but there is nothing to warn the 
observer of land effect except the general track of the 
wave when laid off on the chart. This is clearly the 
business of the navigating staff and not of the tele¬ 
graphist, and more definite knowledge of the subject 
is required. Certain stations have a reputation for 
bad bearings, but there is not sufficient first-class 
evidence available to allow of a comprehensive state¬ 
ment being drawn up. It appears, in fact, as though 
land effect does not always occur, and certainly it varies 
considerably in extent. The general idea emerging 
from the records is that it occurs in two sets of circum¬ 
stances :— 

{a) When the line of bearing cuts a coast line— 
high or low—at an acute angle, say less than 
20®; and 

(&) When high land intervenes close to the receiver 
or transmitter. 

It may be remarked that, so far, no effects have been 
associated with ice or fog banks. "" 

An attempt has been made to overcome the difficulty 
of translating great-circle bearings into rhumb-line 
bearings by three methods: (1) Gnomonic charts are 
issued on which the great circles appear as straight 
lines ; (2) a half-convergency ** table is issued from 
which the correction can be ascertained; (3) a " half- 
convergency '' diagram is supplied from which the 
correction can be extracted. As a matter of navigation 
this correction, is not of much value, as bearings at over 
70 miles are seldom really used, and under 70 miles 
the correction is too small to be of any account. 

It is worth noting that if two true bearings are laid 
off with station pointers on a gnomonic chart, the 
result amounts to a three-point fix, because the true 
north point forms the third bearing. When all is said 
and done, however, deep-sea navigation is not the 


most important zone of usefulness of a direction¬ 
finder. 

The typical direction-finder as described gives an 
ambiguous result, there being no distinction between 
a bearing and its complement. In order to distin¬ 
guish this point, direction-finder instruments are- now 
fitted with a sense-finder, which is a form of the ordinary 
** heart-shape ** receiver. As fitted in most ships the 
heart-shape diagram is by no means true and the zero- 
not as a rule good, and it is only used as an indication. 

It is doubtful whether this sense-finding is of much 
real use for fixing the position of a ship, but it is very 
useful when working through cross-traffic in fog and 
has sometimes been of great value in helping to pick 
up a vessel in distress which has been badly out of her 
reckoning and has announced a very bad position. 

All remarks on direction-finding have so far been 
made with sole reference to spark telegraphy. Bear¬ 
ings taken of continuous-wave stations are very crisp 
and clear, but the wandering due to ** night effect 
takes place at times to so great an extent as to make 
bearings of continuous-wave stations quite useless for 
navigational purposes. This is usually the case after dark. 

If a sense-finder is used, and if the plain component 
is balanced so as to give an accurate zero, then the 
position of that zero is not subject to wandering. The 
chief trouble lies in the fact that the rate of reduction 
in signal strength is not the same on both sides of zero, 
and therefore the position of zero is not midway between 
the vanishing points. Hence it is practically impossible 
to fix the position of zero of a continuous-wave signal 
with sufficient accuracy for navigational purposes. 

The table on page 649 is a precis of the record progress 
made during the last two years in the adaptation of 
the direction-finder to the purposes of navigation in 
the mercantile marine. It consists of the details of the 
working of 12 ships taken at random from among 99, 
the totals for the whole 99 being shown at the foot of 
the columns. Some difficulty has been experienced in 
compiling this table, as reports are not perfectly regular 
and are not always fully detailed. 

Bearings recorded as inaccurate include all causes 
of error, unless the direction-finder is definitely known 
to be out of action. '' Night effect'' is also included, 
fbut, since the approximate positions of bad'' areas 
have been promulgated, bearings which have been 
taken in known bad areas have been excluded 
from the list. 


Discussion before the Wireless Section; 6 March, 1924. 


Admiral of the Fleet Sir H. B. Jackson: The 
paper is almost supplementary to that recently read ♦ 
by Mr. Horton on si^iilar stations in the Navy. It is 
also supplementary to the numerous ones on errors in 
direction-finding stations on shore. These papers all 
point to this conclusion: if a direction-finding station 
is erected in a really good position on or very near the 
sea; well removed from masses of metal or from lengthy 
conductors, it can be depended upon to obtain accurate 
* Jowmo/jr.24.£,, 1933, vol. 61, p. 1049. 


readings by day or night of the direction of a trans¬ 
mitting station at distances up to, say, 100 miles over 
sea, and this is independent of the type of receiving 
apparatus installed. I am frequently asked by ship¬ 
owners and port authorities as to this, and that is the 
answer which I give them. I hope that the paper will 
enable those responsible for fitting ships and shore 
stations with direction-finding sets to make up their 
minds that they can safely do so, with the confidence 
that they will get good return for their expenditure; 
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but, on their part, they must allow the wireless experts 
a fair chance of correcting its errors and adjusting the 
set, just as much as they would in the case of their 
ship^s compasses. I hope that the discussion will have 
the effect of enabling us to say whether continuous- 
wave transmission is as dependable as damped waves 
for direction-finding bearings directly over the sea, as 
the point is of great importance in view of the forth¬ 
coming International Conference on allocation of fre¬ 
quencies, decrements, etc., for direction-finding stations. 
It is difficult to understand why a. continuous wave 
when passing over the open sea should be refracted 
either more or less than a damped wave of the same 
frequency. If it appears to be so, may not this be 
due to the method of reception, or to the environment 
of the loop, or to inadequate shielding from detached 
metallic masses on board, or to rolling or pitcliing, or, 
again, to changes in the conductivity of that fictitious 
loop formed by the ship’s masts, rigging, rope gear, 
etc., which may have an adverse effect on the accuracy 
of bearings with any type of transmission ? This 
cause of possible error has an important bearing on the 
point as to whether bearings had better be taken on 
board ship or taken on shore and signalled to the ship. 
There are evidently arguments in favour of each method, 
but I look forward with some confidence to the time 
when bearings will be taken on a ship without the 
necessity of employing special apparatus which may 
be affected by changes such as those mentioned by 
the author. 

Mr. L. Bainbridge-Bell ; I have followed the 
paper with great interest as I have been working for 
some time on similar problems. I have, however, 
always worked with rotating coils which move in the 
actual field due to the incoming waves, and not in an<* 
artificial field such as is used in the BelUni-Tosi system, 
and the main thing that strikes me on reading the 
paper is the number of possible causes of error liable 
to be introduced into the Bellini-Tosi system on account 
of the greater number of links in the chain between 
the incoming wave and the receiver—I mean the extra 
errors which can be introduced by the Bellini-Tosi 
aerials. By using rotating aerials the only correction 
which has to be applied is that for the quadrantal 
error, or, as the author calls it, the calibration error. 
There is one point which has not been mentioned, viz. 
the variation of this calibration error with the variation 
of draught of the ship. In the Radio Reviewiox August 
and September 1920 the question of calibration error 
was examined theoretically by Commandant Ren6 
Mesny. He treated the ship as a semi-cylinder with 
its axis on the water line, and he devQjloped a formula 
which gave results agreeing with his observations. It 
would therefore appear that the calibration error is 
due only to that part of the ship which is above the 
water line. In a certain ship in which I carried out 
experiments, the maximum error on the bow (46® off 
the line of the ship) changed from 6® to 9® when the 
draught of the ship varied from 27 feet to 16 feet. 

I should like to know how this variation in error (which 
corresponds to the variation in the error of the fictitious 
loop of the author) would be allowed for in the Bellini- 
Tosi S 3 rstem. In. a footnote to the table in the paper. 


mention is made of particulars of bad bearing-arcs in 
certain places in the St. Lawrence and in the English 
Channel. I am of the opinion that all ships experiencing 
definite bad errors of operation ^should, as a matter 
of routine, report them t<i the Mercantile Marine Depart¬ 
ment of the Board of Trade for insertion in Notices 
to Mariners. Finally, I should like to know if it has 
not been found that the bad bearings are more noticeable 
when the ship is close to the wireless station from 
which it has taken the bearing, and tha.t these bad 
bearing-arcs vanish when the ship is at a great distance, 
say .200 miles, from the wireless station. 

Professor C. L. Fortescue: With regard to the 

swing ” readings mentioned by tlie author, it appears 
that a silence ” zone covering 60® is very large for 
any reasonable degree of accuracy to be pbtained. 
The most important point raised, however, is that 
which has already been touched upon by previous 
speakers, namely, the accuracy with which directions 
can be fixed by means of continuous-wave signals. 
Many of the difficulties to be expected from “ beacon " 
stations would be eliminated if the continuous wave 
could be safely used. It has been suggested that the 
receiving apparatus is responsible for the observed 
errors, but even where the greatest care has been 
taken there seem still to be unexplained inaccuracies 
when working with continuous-wave stations. 

Mr. R. Keen ; Such a paper as this must of necessity 
be of the greatest interest to all who are concerned 
with direction-finding and wireless navigation at sea, 
and is of particular value in that the information is 
based on the actual experience with a hundred or more 
ships in which the Bellini-Tosi system has been operat¬ 
ing under commercial conditions and with a satis¬ 
factory degree of accuracy. Some of the troubles 
experienced by the author in ships are common to 
land stations, and in the case of one coast direction¬ 
finding station that 1 have in mind, in which the Bellini- 
Tosi aerials had to be suspended from a steel jumper 
stay between two steel towers and over the roof of 
the station buildings, the re-radiation trouble was quite 
marked in the case of signals from ships using full 
power within a dozen miles or so. In such cases it 
was sometimes almost impossible to distinguish the 
minima, whilst in intervals between transmissions the 
more distant stations could be observed to have perfectly 
crisp zeros. Arising out of the addendum which the 
author has read this evening is a matter which seems 
to me to be of the greatest importance, and that is 
the choice of the type of transmitter to be used for 
direction-finding beacon stations. The continuous-wave 
transmitter would be infinitely more convenient, but 
experience shows that night variations of apparent 
bearing are definitely more marked on con'tnuous 
waves than on spark signals. Captain H. J. Round, 
in his paper ♦ read before the Wireless Section four 
years ago, said that he and his staff, who had been 
engaged upon direction-finding during the last 18 
months of the war, were fully satisfied that there was 
more night effect in the case of continuous-wave stations 
than with spark stations, and whilst Admiral Sir Henry 
Jackson, in the discussion on the above paper, said 
♦ JcumalIS.B., 1920, vol. 58f p. 224. 
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that the battle of Jutland was indirectly brought about 
by the careful and accurate work of the direction¬ 
finding stations, it is interesting to note that the accurate 
work was all done on spark signals. The experience 
of direction-finding over sea since the war, has gone to 
confirm these views, and during this period we have 
had presented T. L. Eckersley’s ingenious theory of 
the cause of night variations, experimental confirma¬ 
tions of which have also appeared in the technical 
Press. I should like briefly to outline this theory as 
it throws a good deal of light on the extraordinary 
variations of bearing which are often observed about 
the hour of sunset. I’he theory assumes the existence 
of the Hea\dside layer, i.e, a horizontal layer of ionized 
air, the lower limit of which slowly rises, as the sun's 
light is withdrawn, to a height of roughly 80 to 100 km. 
This layer forms a reflecting and refracting medium 
for some of the energy radiated from a transmitting 
station, so that two paths exist from transmitter to 
receiver as in Fig. A, Now the wave which arrives 
at the receiver R by the direct path, and which w'e 
will call the A " wave, must be normally polarized 
.since any component of the wave having its lines of 
magnetic force vertical will be dissipated a few wave¬ 
lengths from the transmitter. A direction-finder at R 
will, therefore, always give a true bearing on the " A " 



Fig. a. 


wave. The reflected wave, since it is travelling in 
free space, may retain the degree of polarization peculiar 
to the transmitting aerial used, or, according to Dr. 
Eccles,* the polarization may be affected by the earth's 
magnetic field in conjunction with the ionized upper 
atmosphere. Eckersley now states that the reflected 
wave on reaching the receiver may be resolved into 
two components, one, which we may call the B com¬ 
ponent, being normalty polarized, and the other the 
C coniponent, which has its magnetic field in the vertical 
plane tlirough tlie direction of propagation, and which 
is not necessarily in phase with the B component. A 
direction-finder at R, will always give true bearings on 
the B component, but will always have a 90® error on 
the C component since a frame will have minimum 
linkage with the C wave magnetic flux when tlie plane 
of the frame coincides with the vertical plane of pro¬ 
pagation between T and R, instead of when it is broad¬ 
side oii as in the case of a normally polarized wave. 
Under certain conditions of wave-length and lengths 
of the' direct and reflected paths, the A wave and the 
B component of the reflected wave may be in e.xact 
phase opposition and equal in amplitude so that the 
onlyi signal received is that due to the C component, 
with'a consequent 00® error and reduction in signal 
streigth. A§ the length of the reflected path increases 
♦ Journal I.E.JS,, 1920, vol. 69, p. 77. 


due to the rising of the reflecting layer, the balance 
of the phase and amplitude of the A and B waves is 
destroyed, either the A or B components may pre¬ 
ponderate, signals reach a normal night strength and 
the bearing is practically correct. Wright and Smith * 
have shown curves of bearings taken on Clifden station 
during the sunset period. These clearly illustrate the 
above phenomena' and also confirm the marked fading 
of signal strength when the error in bearing is a maxi¬ 
mum, although, owing to the transient nature of the 
factors producing the effect, it is only occasionally 
that the cycle is completed without some discontinuity 
occurring. These observations also show how the 
behaviour of the heart-shaped diagram of reception 
under the influence of night variations confirms the 
Eckersley theory. In the chapter on '' Night Effect 
in my book f I have shown a set of theoretical diagrams 
illustrating the effect, at a direction-finding station, of 
the resultant of the A, B and C component waves on 
the apparent bearing and signal strengtli, and it is 
interesting to note that the curves of error of bearing 
and signal strength and the sequence of crisp and 
indefinite direction-finding minima compare very closely 
with tlie observations of Wright and Smith. A farther 
theoretical cycle of the heart-shaped diagram under 
similar conditions show's an equally striking similarity 
to the experimental results. A difference in apparent 
bearing of the marking and spacing w^ave of an arc 
station, w'hich is not uncommon and may amount to 
30®, is explained by the fact that whilst the. condition 
of partial phase opposition of the A and B component 
waves may exist for one of the w'ave-lengths, allowing 
the C component to assert itself and produce an error, 
the phase conditions for the other “wave may be such 
^hat the C component is entirely swamped by the 
normally polarized A and B components, giving the 
correct bearing. A number of other night-effect pheno¬ 
mena also fit in with the theory, and certainly no other 
satisfactory explanation of the facts seems forthcoming. 
In accepting the Eckersley theor^^ however, the im¬ 
portant point is that w'e must also admit the probability 
that night effect will always be more marked on con¬ 
tinuous-wave than on spark systems (in the e.visting 
commercial forms of direction-finding apparatus), 
because the latter consists of a broad spectrum of 
frecjuencies each section of wdiich at any instant is at 
a different part of the above cycle, and only rarely 
will there be a large error with a crisp direction-finding 
minimum. Experience of direction-finding work over 
sea has showm that whilst crisp distorted bearings do 
occur on spark stations, particularly near the time of 
sunset, they arj^ more common on continuous-wave 
signals, and the direction-finding operator using a spark 
beacon has the double advantage that the bearing.s 
will in general be more accurate at night and that 
when night effect is experienced there will be far more 
chance of the Warning sign of the indefinite minimum. 
Up to distances of 80 miles and with a wave-length 
as high as 1 000 m it may be found that the night 
errors are not great, but I think that the evidence is 
quite convincing that the use of continuous waves for 

* Eadio Review, 19-1, vol. 2 , p. , 504 . 

t ” Directioji and Position Findings by Wireless.** 
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beacons is very dangerous and should not be adopted 
until extensive trials have been carried out over sea. 
The adoption of spark beacons might cause interference 
with broadcast reception, but surely the interest of 
shipping and the safety of life must take precedence. 

Dr. R. L. Smith-Rose : To one who has had con¬ 
siderable experience of all the practical systems of 
direfction-finding, the first portion of the paper rather 
confirms the impression that the Bellini-Tosi system is 


in the paper would disappear immediately. The cali¬ 
bration error, which is inherent in the ship, would be 
of the same order and could either be read from a 
curve or compensated as in aircraft. The loop and 
plain tuning errors WQj.ild disappear, and since there 
would be no goniometer the electrostatic and capacity 
errors would be eliminated. The lack-of-symmetry 
error could also be considerably reduced or. even 
eliminated by the use of suitable screens. Thus a 


Table A. 


Table showing Results obtained in Observations on Spark and Continuous-wave Transmissions from Karlsborg, 


Transmitting 

station 


Type of 
transmission 


Day observations 

Night observations 

Receiving station 

Wave-length 



Error of 
mean 

Number 

1 

Total 

variation 

Error of 
mean 

Karlsborg 

Aberdeen 

Spark 


_ 

degrees 

degrees 

259 

• degrees 

32-3 

degrees 

+ 7*6 

Karlsborg 

Aberdeen 

C.W. 


436 

4*8 

+ 1-2 

242 

34*3 

-i- 2-3 

Karlsborg 

Bangor 

Spark 


32 

2*8 

- 9-6 

267 

34-4 

- 6*8 

Karlsborg 

Bangor 

C.W. 

3-9 

540 

10-8 

- 5-2 

291 

5M 

- 41 

Karlsborg 

Birmingham 

Spark 


136 

6-8 

+ 0-6 

438 

47-6 

+ 4-3 

Karlsborg 

Birmingham 

C.W. 



9-3 

+ 1-7 

38 

7-6 

+ 2-6 

Karlsborg 

Bristol • 

Spark 



^5-2 

- 0-1 

324 


+ 2-5 

Karlsborg 

Bristol 

C.W. 



^2*5 

+ 1-3 

23 

11-9 

+ M 

Karlsborg 

Newcastle 

Spark 



6-6 

+ 0-1 

485 

57-5 

+ 6-1 

Karlsborg 

Newcastle 

C.W. 

3*9 

B 

10-6 

+ 2-2 

237 

65*0 

+ 3-8 


Table B. 


Results qbtained on a^Wave-length of 760 Metres, 


Distance betvreen 
transmitter and 
D.F. station 

Type of transmission 

Number of 
obser\'ations 

Periods 

Maximum enor 

Angles of swing used 

miles 

- 





degrees 

12 

Spark 

688 


Day and night 

0*8 

1-2 

12 

I.C.W. 

399 


Bay and night 

0*7 


12 

C.W. 

365 


Day and night 

0*9 

0*4-2 

98 

Spark 

119 


Day 

20 

1-4 

98 

I.C.W. 

89 

• 

Day 

0*7 

6-12 

98 

C.W. 

73 


Day 

2-0 

2-4 

98 

Spark 

372 


Night 


^ Extremely 

98 

I.C.M^ 

189 


Night 


V variable with 

98 

C.W. 

216 


Night 

11*0 

J conditions 


complicated—far more complicated than any system 
using a simple loop or crossed-frame coil. The chief 
advantage that I have alw-ays appreciated in the Bellini- 
Tosi system was the fact tliat larger aerials were used 
than in the case of the single-loop system. I notice, 
however, that the aerials used on ships are as small 
as 70 sq. ft., and 1 tliink that with such small loops 
the frame coil can compete quite easily with the Bellini- 
Tosi system. With the use of a frame coil 4 ft. square; 
which would be quite good enough for ranges up to 
60 or even 100 miles, four of the six errors mentioned 


good case could be made out for the advantages of 
tlie frame coil as against the Bellini-Tosi system, and I 
believe that in the American ships the frame coil is 
used entirely for direction-finding. A point raised by 
Prof. Fortescue had reference to the angle of inaudibility, 
which, according to the author, ranged from 20® to 
60®. In view of the fact that the author speaks of 
ranges of transmission to 50 miles, this has surprised 
me. Tins angle of inaudibility seems large, and with 
a swing of 60® it must be difficult to observe to the 
accuracy of 1®. Personally I do not like to take 
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readings on the Bellini-Tosi system with an angle of above. At a distance of 12 miles the angle of swing 
svdng greater than 6® each way. Judging from the employed is from 1® to 2® on spark systems, from 
table in the paper the author seems to have been very 0*4® to 2® on interrupted continuous^wave systems, 
successful, in spite of the complicated nature of the and from 0-4® to 2® on continuous-wave systems, 
system and of the. several typ^es of errors which he With the type of«goniometer which we are now 
details. These various errors do seem to have been using it is extremely difficult to read the instru- 
reduced to a reasonable .quantity for practical work- ment with an accuracy of 0*2®. I should like to 
ing purposes. My own experience of the operation refer to one or two pointe which Mr. Keen has intro- 
of a land direction-finding station has been that the duced into this discussion. His exposition of the 
limit of accuracy of 2® gives about 96 per cent of Eckersley theory is good, but it leaves me entirely 
bearings correct when the range of transmission is unconvinced. He made the statement that other 
from 10 to 100 miles. The next point of interest is observers had obtained very large errors on continuous 
in relation to the difference between spark and con- waves, although the bearings were always perfectly 
tinuous-wave transmission. The statement as it appears sharp. My experience is to the contrary; the bearing 
in the paper is a very definite one, and I should like minima frequently get blurred and appear to wander 
to inquire what evidence the author can produce to just as frequently on continuous waves as on spark, 
support it. The statement also seems definitely to Mr. Keen also spoke of 180® rotations on continuous 
ascribe the error on continuous waves essentially to a waves as being frequent occurrences, and that on 
night effect. I am not sure that that is so ; for early 2 000 m an observation was made in which the bearing 
experience with continuous-wave direction-finding indi- was thus rotated times round the Compass. 'Out of 
cated that the errors were of an instrumental nature, the whole of the 140 000 readings which have been 
Moreover, experiments have shown that very elaborate taken within our experience on wave-lengths from 
screening of the local oscillator is essential if any instru- 460 to 9 000 metres, no error has exceeded 90®. We 
mental error is to be eliminated; but it is practicable may have been particularly fortunate, but in view 
to produce an oscillator which has no appreciable of the large number of bearings which have been taken 
instrumental error and is available for use on any there seems little to confirm Mr. Keen's suggestion, 
system of direction-finding in vogue to-day. Tjfper- Another point mentioned by Mr. Keen was with regard 
sonally, working under the Radio Research Board, have to errors of the bearings originating from the trans- 
operated 12 direction-finding stations in this country, mitter. Some evidence has been produced by previous 
all equipped for continuous-wave working. From the experimenters in this subject with regard to transmitting 
mass of data which I have obtained there does not stations which are supposed to radiate waves with a 
appear to be any conclusive evidence that continuous vertical component of magnetic field as well as those 
waves are any worse than damped waves, other things with only a horizontal magnetic field. Observations 
being equal. Table A gives a specimen extract of these which we have taken on well-kno'\^ transmitting 
results showing the comparative errors experienced in stations have shown no variation with the orientation 
observing on both damped and undamped wave trans- of the direction-finder around the station, and there 
mission from Karlsborg. To decide finally if* there is are also other reasons which go to prove that the trans- 
any difference, however, it is absolutely essential that mitting aerial does not have any great effect on the 
the same transmitting station shall send out both the errors in bearing. I should like to confirm the experience 
damped and the continuous waves from the same of the author as to the absence of effect from fog banks, 
aerial on the same wave-length, and within a very I emphasize this point as some of the national regula- 
short time—about 1 minute—of each other. Such test tions published give a warning as to the unreliability 
transmissions have been made from a special station set of bearings observed during foggy weather. In regard 
up at the National Physical Laboratory, and bearings to areas of bad bearing, it would be interesting to 
were taken at two stations fitted with Bellini-Tosi direc- know if the bearings taken outside the arcs which are 
tion-finders equipped for continuous-wave working on marked good " are always varying or whether there 
any wave-length from 300 metres upwards. A number is merely a constant error. At one of our direction- 
of tests have been carried out in which a whole cycle of finding stations when taking observations bn another 
transmissions (spark, interrupted continuous-wave and transmitter we have come upon a constant error of 
continuous-wave) has been repeated eveiy 10 minutes 3®, the station being at a distance of 16 miles, but 
for 24 hours, and Table B shows the maximum errors there is never any variation in that error. 

'Experienced when working on a wave-length of 760 Major B. Blnyon: Dr. Smith-Rose has mentioned 
metres. Over a short distance of 12 miles nearly the fact that among the advantages of using* simple 
100 per dent of the bearings are obtained within 1® on loops in preference to the Bellini-Tosi system is the fact 
aU t 3 rpes of transmission, and no difference between that four of the errors rp.entioned in the paper are elimi- 
day and night working is observed. Over the longer nated. He also referred to the fact that the Americans 
distance of 98 miles, the errors are somewhat greater are using loops exclusively on ships. In addition, 

by night than by day, but it will be seen from the however, some British ships also employ loop reception 

table that the errors are of the same order whichever on the Robinson system. There is a further advantage 
type of transmission is employed. In view of the of the loop to which I should like to draw attention, 
remarks which have been made in regard to the angle The author says; ** If the loops cannot be made per- 
of inaudibility it may be interesting to point out the manent, but have to be lowered and re-hoisted fre- 

angle at which we usually work, as shown in Table B quently, there is a great likelihood of the symmetry 
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being destroyed in the process. This has been found to 
be a very real and serious cause of trouble/* With 
the small loop this further source of error is entirely 
eliminated because it can always be installed in a per¬ 
manent position and clear of derricks used for hoisting 
cargo. I must join issue with the author when he says, 
with regard to the position of direction-finding instru¬ 
ments : As far as the mercantile marine is concerned, 
it is highly desirable to have the instrument in the 
wireless room. It should be under the charge of the 
telegraphist and always available for practice, and 
when using it he should be in his own place and not 
an intruder among the navigating staff.** The wireless 
direction-finder is a navigational instrument and as 
such its proper place is among the other navigational 
appliances of a ship, either upon the bridge or in the 
chart room. Time and experience will show which is 
the best position, but the employment of small loop 
aerials enables the direction-finder to be installed either 
with the navigating instruments or in the wireless cabin. 
It is my opinion, however, that until masters and 
owners regard the directional equipment as a navi¬ 
gational instrument rather than a piece of wireless 
apparatus, its importance will not be fully appre¬ 
ciated, and for this reason I consider it desirable that 
the instrument should be placed* in the navigational 
quarters. 

Mr. M. Bennett: In the charts of error zones 
which the author has drawn up I suggest that at each 
transmitter there should be charted areas where errors 
occur due to the proximity of the ship to the trans¬ 
mitting aerial. It has been shown in some experiments 
carried out under the auspices of the Radio Research 
Board that near to an as 5 nnmetrical aerial there is a 
permanent^ error which is approximately equal to the 
angle subtended by the transmitting aerial at the 
direction-finder. There is therefore a liability of getting 
an errcr when broadside on to the transmitting aerial, 
the extent of which will depend on the distance of the 
direction-finder from the transmitter. Many ships 
coming into port will enter the region where this 
permanent error exists. But it is a perfectly definite 
error and a correction can therefore be easily applied 
to any particular case. ‘ 

Mr. G. H. Nash: I have been impressed by the 
accuracy of the direction-finding results expressedT in 
the paper, and am aware that amongst those who are 
interested in the safety of navigation at sea there is a 
growing demand that a system of wireless direction- 
finding should be given full support by the Board of 
Trade in order that their influence may be brought to 
bear on the actual adaptation of a sjrstem such as the 
one described by the author: and I have listened with 
interest to the opinion expressed by Admiral Jackson 
that this system should be adopted, but. I feel that 
possibly the time is not yet ripe for the final determina¬ 
tion of which system. It will be remembered that 
when the war broke out very little was known on the 
subject, and what little was known was naturally very 
much confined to the hands of those actually operating 
direction-finding apparatus during the wax period. The 
system of operation at Admiralty stations during'this 
period was not such as to encourage the most, accurate 


work, because the various direction-finding stations only 
reported the bearings they obtained, and in the case 
of ships at sea it was left for another department of 
the Admiralty to determine the j)Osition after obtaining 
bearings from two or^more stations. Further, as it 
was the position of an enemy ship that was involved, 
it was nearly impossible to check accurately the results 
obtained. There is no doubt that all non-wireless 
officers had very great belief in wireless direction¬ 
finding dming the war, and it was on this belief that 
very definite statements regarding the position of 
enemy ships at various positions was made. It was 
not until after the war that light began to be tlirown 
on the actual accuracy of direction-finding. It is stated 
on page 230 of vol. 58 (1920) of the Journal that the 
direction of Salonica would sometimes change by 90®, 
and that of Horsea by 30®. On page 238 it i% suggested 
that a false confidence was gained by the “ beautiful 
intersections ** and it was only when shocks were 
received, such as when the wireless located the German 
fleet well inland, that any doubt was felt. Again, the 
immediate post-war literature shows other evidences of 
unreliability. In the Radio Review (1919-20, vol. 1, 
p. 381) it is stated that discrepancies up to 90° are 
observed. Again, in an article by Dr. Bellini in the 
Electrician (1921, vol. 86, p. 220) it is stated that the 
errors may vary as much as 50°, 60° or even 90°. Most 
of the writers at this period sought to attribute the 
varying accuracy of direction-finding to the unev n 
reflecting surface of the ** Heaviside layer.’* Even 
here one is again in difficulty because in the Electrician 
(1922, vol. 89, p. 148) there is an article which goes to 
suggest that the Heaviside layer does not exist, but 
to-night one speaker has given us a most interesting 
exposition of the action of the Heaviside layer and 
why it causes direction-finding to be more accurate on 
spark than on continuous-wave stations, and a further 
speaker has revealed that there is a difference of opimon 
as to which system gives the most accurate determina¬ 
tion of direction. Again, the paper and the discussion 
thereon have shown a marked difference, of opinion as 
to whether the locating of ships at sea should be by 
means of direction-finding equipment on board the ship 
or on the shore. From what I have said it will be 
apparent that there is controversy on so many phases 
of the subject as in my opinion to justify the belief 
that it is too early to. say that any system of direction¬ 
finding for the purposes of navigation has arrived at 
the stage where it may be regarded as being sufficiently 
reliable. 

Major H. Pt T. Lefroy: It will be a great dis¬ 
advantage if continuous-wave transmission must finally 
be accepted as unsuitable to employ for signals whose 
bearing is to be taken. The difference between the 
reception of this and other systems lies in the use: 
normally of a local oscillator, which is, I believe, fre¬ 
quently the cause of the error in the apparent bearing. 
I am inclined to think that the ** ticker ** method, 
properly applied, would be more suitable than a local 
oscillator, in that it would make for a greater degree 
of accuracy in practical work when taking continuous- 
wave bearings, though the strength of signals received 
would be less. 
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Major A. G. Lee : I am in fair agreement with the 
author in regard to the figures which he puts forward 
in connection with radio beacons, but in view of what 
we have heard from Mr. Keen on the one hand and 
from Dr. Smith-Rose on the othgr, it seems to me that 
the suggestion that the spark system is definitely better 
than the continuous-wave system is by no means fully 
proved, and before we as a country commit ourselves 
to radio beacon stations on the spark system (which 
will be without doubt a nuisance to broadcasting, 
amongst other interests) this question of the relative 
advantages of the two systems should be more thoroughly 
thrashed out than it has been up to the present time. 
The Radio Research Board have done a considerable 
amount of work on this subject, and are of opinion 
that the continuous-wave system is as good as the 
spark system. It would be very useful if the Marine 
Wireless Companies interested in the subject could 
take advantage of the information accumulated by 
the Radio Research Board and could combine with that 
Board with a view to arriving at some definite conclusion. 

Mr. E. H. Shaughnessy: The author says that he 
is dealing with bearings taken from the ship. That is 
very interesting, because the area that he shows in one 
instance to my knowledge corresponds almost exactly 
to what we know to be the correct range from the 
direction-finding station. There is another point on 
which I think we should be quite clear. I was par¬ 
ticularly impressed with the percentage of accurate 
bearings given in the table on page 549. I should like 
to know, however, whether this 91 or 95 per cent of 
accurate bearings are the bearings obtained within the 
known ** safe area of taking bearings. If that is the 
case, then we have to realize that it puts a very strict 
limitation on the utility of direction-finding. With the 
compass we do not have to mark off areas all over the 
globe in which there are very limited a;ngles only within 
which the reading can be relied upon. We know that 
if there is a station well inland, and the directions are 
taken from an angle of almost 90° with the coast line, 
we are likely to get reasonably consistent results perhaps 
95 or 98 per cent correct within 2°. But what happens 
when we work along the coast line ? There is the 
danger area, so that in talking of direction-finding 
being 98 per cent correct within 2°, and almost as 
accurate as the compass, it is necessary to place a 
limitation on such statements, which limitation we do 
not have to place on the ordinary use of the compass. 
I do not quite understand the author’s suggestion with 
regard to a new Department of Direction-Finding 
Control. He means, I suppose, some department for 
ek^amining all direction-finding installations that are 
put on ships;’ I do not quite know what control any 
new. depa^m’ent or existing department could exercise 
in any such respect. 

Gominander J, A. Slee {In reply) : In reply to Mr. 
Bainbridge-Bell, so far as experience of the Bellini-Tosi 
system goes, a change of calibration error due to change 
of draught has only been reported once and an investi¬ 
gation of this case showed that the system was improperly 
earth.ed. Wlien this was rectified the change disap¬ 
peared, and it can be stated that no change of calibration 
is found necessary with changes of draught. 


With reference to the bad-bearing areas, it is highly 
desirable that some official department should deal 
with this matter, though it appears that the whole 
subject is as yet too young and the number of ships 
fitted too small to expect any Government Department 
to undertake the work at this stage. The arcs of bad 
bearing shown on the lantern slides have been completed 
with a view to guiding the seaman and to warn him 
against relying on bearings taken from positions where 
they areTikely to be indifferent. They do not represent 
a scientific examination of the exact boundary line. 
Experience shows that within distances of great impor¬ 
tance for na\4gation—that is to say, up to 100 miles— 
the straight lines shown on the slides give a very fairly 
accurate representation of the facts. 

Referring to Prof. Fortescue’s remarks, the width of 
the silent arc is of no real importance provided that 
the cut-off is sharp so that the vanishing points can be 
determined with certainty. Provided that these points 
are clearly fixed, obviously it cannot matter whether 
they are 60° or 60 minutes apart. Bearings orily 
become doubtful when the position of the vanishing 
point becomes difficult to determine. 

It is pointed out that when a direction-finder is 
mounted on board an iron ship its environment is such 
as to make possible a large number of errors which are 
probably due to changes in conductivity, etc., in the 
whole structure of the vessel, and the object of the paper 
has been to explain how tliese difficulties have been 
overcome and what results can be obtained under these 
conditions. The metliods now in use have been selected 
as the result of a great many trials. 

Many of the points raised by Dr. Smith-Rose are 
dealt with in my reply to the remarks of Prof. Fortescue. 
Dr. Smith-Rose speaks of loops as small as 70 sq. ft. 
in area. In the paper it is stated that the size of loops 
ranges up to about 400 sq. ft.; loops as small as 70 sq. ft. 
are only used in special cases in very small vessels such 
as trawlers. Furthermore, it is stated in the paper 
that small loops are unsatisfactory in large vessels. 
The common size of loop is about 240 sq. ft. The 
lack-of-symmetry error can be and, in some cases, is 
reduced by the use of screens, but such a construction is 
in many cases perfectly impossible under merchant-ship 
conditions. This paper does not profess to be a compari- 
sonl^etween the Bellini-Tosi system of direction-finding 
and systems* employing moving frames, and I do not 
think that any useful purpose will be served by entering 
into such a comparison. 

There are about 120 British merchant ships fitted 
with the Bellini-Tosi system of direction-finding, 
and the reports jrom 99 of these are constantly 
under review. From these reports the figures quoted 
have been obtained and there is no reason to sup¬ 
pose that the results obtained in the other ships 
are any worse. The total number of American mer-' 
chant ships fitted with direction-finders is 41 and, 
although definite reports as to their performances 
are not available, it is believed that the degree 
of accuracy which they obtain is lower than that 
quoted in the paper. The distribution of direction¬ 
finders in the merchant vessels of the chief nations is 
approximately as shown in the following table. No 
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figures are to hand for German, Swedish or Japanese 
vessels. 


Bellini'Tosi Frame 


Great Britain 

,. 

.. 121 

? 

United States 


— 

41 

Germany .. 


? 

? 

Sweden .. 


? 

} 

Japan 


.. ? 

? 

Norway .. 


9 

— 

Belgium .. .. ’ 


3 

— 

Spain 


22 

— 

Portugal .. 


1 

— 

Italy 


52 

— 

France 


.. — 

32 

Holland .. 


6 

— 


With regard to the latter part of Dr. Smith-Rose’s 
remarks, the small amount of experience available on 
the subject indicates that from a fixed position the error 
due to “ land effect ” is constant, but the matter has 
not been explored as it is clear that the error varies 
considerably with slight alterations of position. It is 
certain that a badly arranged local oscillator will cause 
errors in bearings, but it is doubtful if this cause will 
account for variations in a bearing which ought to remain 
constant. No difficulty has been found in arranging a 
local.oscillator so that it makes no difference at all 
{except breaking up the note) to the steadiness or 
accuracy of spark bearings. 

With reference to Major Binyon’s remarks on the 
subject of the position of direction-finders in ships, 
it may be of interest to know that so far only three 
Bellini-Tosi direction-finders have been erected (at the 
request of the shipowners) for working on the bridge. 
One of these has been removed to the wireless office, 
also at the request of the shipowners. 

In reply to Mr. Bennett, it does not seem really neces¬ 
sary to record on sketches the error to which he alludes, 
as no sea-going ship is ever likely to get close enough 
to a wireless station for this error to be noticeable. 

In reply to Mr. Nash, it appears that the state of 
affairs to which he refers can be cleared up as follows :— 
Results which are reliable from a navigational point of 
view can be obtained by the Bellini-Tosi direction¬ 
finders from spark transmitters. Tliis does not st3.te 
that reliable bearings cannot be obtained from other 


types of transmitters. A great deal of past experience 
shows that bearings taken at night by direction-finders 
of continuous-wave transmitters are not reliable. On 
the other hand Dr. Smith-Role states that reliable 
bearings can be obtained under such conditions. 

There is no doubt that it would be to the general advan¬ 
tage if further experiments were to show that reliable 
navigational bearings can be obtained from continuous- 
wave transmitters, and experiments to settle whether 
the continuous-wave system is or is not a suitable form 
of transmission for navigational purposes are now in 
progress, bearing in mind the adverse conditions under 
which a direction-finder is used on board ship. The use 
of the interrupted continuous-wave system may prove 
to be the best solution. 

With reference to the remarks of Major Defroy, it is 
possible that the use of a chopper may be found ad>san- 
tageous. 

In reply to Mr. Shaughnessy, the '' arcs of good 
bearing indicated on the lantern slides apply only 
to bearings taken by ships of the land station. The 
last two columns of the table have been made up after 
the bearings outside the good bearing ” areas had 
been rejected. Previous to May 1923 all bearings were 
lumped together. 

There are a few patches of fairly shoal water where 
the sea bed appears to be of an ironstone nature, in 
which the compass is likely to become inaccurate, but 
this comparison between the reliability of the compass 
and that of a direction-finder does not seem to be quite 
fair. It is more just to lay the blame for “ arcs of bad 
bearing on the, positions of the coast stations, and to 
mark the arc of good bearings ” in the same way that 
all lighthouses erected on land have a definite arc of 
visibility, outside of which they cannot be used, indi¬ 
cated on the chart. Arc of bad bearings are entirely a 
matter of the intervention of land between the ship and 
the transmitting station; they have nothing to do with 
the general conditions of the locality, such as the nature 
of the sea bed. 

The author does not suggest a new Department of 
Direction-Finding Control. Pie only expresses the hope 
that in the future, when a large number of vessels are 
fitted, some Government Department will undertake 
the duty of publishing official documents indicating 
“ arcs of good and bad bearings.” 
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Council’s Nominations for Election to the Council. 

The foUowing have been nominated by the Council 
for the vacancies which will occur in the offices of 
President, Vice-Presidents, Honorary Treasurer, and 
Ordinary Members of Council on the 30th> September 
next: 

prcdtbcnt. (One Vacancy.) 

' W, B. WOODHOUSE. 

# IDice-lpresfbentS. (Two Vacancies.) 

S. Evershed. A. Page. 

1bonorari2 xcreasuter. (One Vacancy.) 

P. D. Tuckett, 

©tbiitatp Members ot Council. 

Members. (Four Vacancies.) 

*W. E. Highfield. B. Longbottom. 

H. W. Jones. E. H. Shaughnessy, O.B.E. 

Associate. (One Vacancy.) 

The Viscount Falmouth. 


Informal Meetings. 

The Informal Meetings Committee will consider, in 
the course of the next three months, the programme for 
the session 1924-26, and will be glad if members will 
indicate to the Secretary subjects which they suggest 
for discussion. 

Members willing to open discussions are invited to 
submit, for consideration by the Committee, the sub¬ 
jects on which they wish to speak; a written paper is 
not necessary. 

Associate Membership Examination Results: 

April 19S4. 


Passed. 


Ashford, D. G. (Bristol). 
Baker, E. W. (London). 
Baimatyne, A.M. (London). 
Baxter, J.MacG.(Croydon). ’ 
,^Bennett, E. H. . (Bromley, 
Kent). 

Bent, F.-(Bolton). 

Cantelo, H. R. (Southamp¬ 
ton). 

Cawson, W. F, (HuU). 
Chase, J. J. (Norwich). 
Chorlton, H. C. (Newcastle- 
on-Tyne). 

De^is, W. E. (Hull). 
Drape, S. (Heaton). 

' mbar, L. (London). 

“'n,A. (Bangor, Ireland). 


Esmond, L. P. (Chelmsford). 
Frost, A. H. (London). 
Grant, D. F. (Gravesend). 
Hargreaves, T. (Rochdale). 
Hitt, D. G. (Plymouth). 
Hodges, L. A. (Birmingham). 
Hollis, G. R. (Manchester). 
HoUyman, R. H. (London). 
Ibeson, W. (Huddersfield). 
Jones, R. C. (Pont 3 ^ridd). 
Leslie, G. H. (Sandhurst). 
Lewis, W. K. (London). 
Metcalf, H. E. L. (Hert¬ 
ford). 

Nisbet, R. H. (Longfield). 
Patterson, J. H. (Solihull). 
Pearce, R. (London). 


Associate Membership - Examination Results : 
April 1924— coniinued. 

Passed* 

Pinkney. W. H. (Stafford). Steel, R. W. (Stoke-on- 
Poolman.C.G.N.(Preston). Trent). 

Powell, E. B. S. (London). Thompson, S. W. (Hull). 
Rann, J. S. (London). Tobin, E. (London). 

Roddam, G. (Rutherglen, Topley, H. (Mansfield). 

Glasgow). WesteU, E. P. L. (London). 

Savage. A. N. (Newport, Withington, R. L. (Guild- 
Mon.). ford). 

Passed Part I only. 

Warder. L. I. ^Sandown, Isle of Wight). 


Passed Part II only. 

Lieberg.O.S.W. (London). Rawlings, B. C. (Bilbao, 
Miles, T. S. (Norwich). Spain). 

Moore, R. E. (Doncaster). Wood, A. G. (London). 

Further results relating to candidates who sat for the 
Rxamination abroad will be published later. 

Officers of the Corps of Royal Engineers. 
(School of Military Engineering, Chatham.) 

Passed. 

Bainbridge, 2nd Lieut. H. Kirkbridge, 2nd Lieut. W. 
Baines-Hewitt, 2nd Lieut. Knott, 2nd Lieut. A. J. 

I Lloyd, 2nd Lieut. T. 1. 
Bright, 2nd Lieut. C.P.C.S. Loch. 2nd Lieut. I. G. 
Cardale, 2nd Lieut. W. J. Macdonald, 2nd Lieut. H.A. 
Clarke, 2nd Lieut. E. W. H. Murray, Lieut D. M. J. 
Cotton, 2nd Lieut. B. H. C. Pegler, 2nd Lieut. C. A. W. 
Croghan, 2nd Lieut. E. Preston, 2nd Lieut G. W. 
Croucher,'2nd Lieut M. J. Re^, 2nd Lieut. W. P. 
Egston, 2nd Lieut. P. A. Rees, 2nd Lieut. J. L. 
Egerton, 2nd Lieut. R. C. Ricketts, 2nd Lieut. L.T.G. 
Empson, 2nd Lieut. G. L. Stenhouse, 2nd Lieut. E. E. 
Fayle, 2nd Lieut L. R. E. Sugden, 2nd Lieut. C. S. 
Gardiner, Lieut. R. Thomas, 2nd Lieut. L. G. 

Grattan, 2nd Lieut H. Thompson, Lieut. J. H. C. 
Grose, 2nd Lieut. D. C. E. Walker, 2nd Lieut. R. J. 
Grylls, 2nd Lieut, J. A. B., Walkey, 2nd Lieut J. C. 
Heard, 2nd Lieut. L. F; Watkinson, Lieut. G. L. 
Hume, 2nd Lieut. P. W. G. Wilson, 2nd Lieut. I. H. R. 
James, 2nd Lieut. J. E. L. 


The Benevolent Fnnd. 


The foUowing is a list of the Donations and Annual 
Subscriptions received during the period 26 .^pril- 


24 May, 1924 

Beattie, R. B. (Burnley) 
Bell, D. E. (Wakefield) 


£ s. d, 
6 0 
10 0 
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.. 


5 

0 
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.. 


5 

0* 
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.. 


10 

0 
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.. 


10 

0 
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10 

0 

Clegg, G. D. (Birmingham) ‘ . 
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5 

0 
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6 

0 

Coates, W. A. (Tokio) .. 

,, 

1 

0 

0* 
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6 

0 

Douglas, A. (Stoke-on-Trent) .. 

., 


5 

0 

Duncan, W. H. (Newcastle-on-Tyne) 



6 

0 

Dymond, J. D. (London) 


1 

0 

0 

Edwards, F. S. (Hale, Cheshire) 

.. 


5 

0 

Electrical Engineers' Ball Committee 

(per 
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76 

0 

0 

Ezard, G. (Dewsbury). 

. . 


6 

0 

Faraday House Electrical Engineering 

Col- 




lege. Governors of (London) 
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60 

0 

0 
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0 
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6 

Glen, J. B. (North Shields) 

.. 


6 

0 
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,, 


6 

6 
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,, 


10 

0 
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6 

0 
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.. 


10 

0 

Kelman, W. H. M. (London) .. 

,, 


5 

0 

Kelso, J. C, (Glasgow). 

,, 


5 

0 

Kempster, J. W. (Greenock) .. 

,, 

1 

1 

0 

King, W. H. (Canterbury, N.Z.) 

., 


5 

0 

Kitchen, H. (Monkseaton) 

.. 


2 

6 

Lang, W. (London) 

','. 

1 

1 

0 

Lloyd, R. A. (London) . 

., 


6 

0 

Longman, R. M. (Leeds) ;. .. • 

., 


6 

0 

MacNaughton, A. I. (Airdrie) 



10 

6 

Main, F. W. (London). 



10 

0* 

Miller, T. L. (Liverpool) 


1 

1 

0* 

Needes, E. C. (Pontypridd) .. 

.. 


5 

0^ 

Palmer, W. G. (Sheffield) 



10 

0 

Paul, B. (Bombay) .. ^ 

,, 


2 

6 

Phipps, W. A. (Manbhester) .. .. 

., 


6 

0 

Pigg* J- (Darlington). 


1 

1 

0 

Pratt, L. H. (Newcastle-on-Tyne) 

.. 


6 

•0 

Prideaux^ W. H. C. (Rangoon) 

.. 

1 

1 

0 

Romain, W. A. B. (London) .. 

., 


6 

0 

Rosher, N. B. (Edgbaston) .. 

•,, 


10 

6* 

Silve:^, H. C. (New Malden) .. 

.. 


6 

0 

Solomon, T. H. (London) .. ... 



10 

6 

Stephens, J. H. (London) 

,, 


6 

0# 

Stothert, J. K. (Sidmoutii) .. . 

.. 

1 

1 

0 

Troughton, J. A. (Bournemouth) 

,, 


6 

0 

Wallace, M. H. (Hong-Kong) .. 

*, 


8 

6 

Wallis-Jones, Capt. R. J. (London) ,. 

., 

1 

1 

0* 

Western Centre (per A. J. Newman) 


21 

14 

11 

Wheelwright, G. W. (Loughborough) 

,, • 


3 

6 

Whitgift, M. (Lohdon). 

,, 


10 

0 

Wilkinson, H. W. (London) .. 



10 

0 

Willcocks, J. S. P. (Gosport) .. 

,, 


6 

0 

Wniiams, J. W. (Wrexham) .. 

.. 


6 

0 

Woods, H. F. G. (Torquay) .. 



10 
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Summary. 

• The paper deals with difEerential protective systems, 
particularly those suitable for use where there is a neutral 
earthing resistance. 

The operating conditions, and their influence on methods 
OP design and construction, are discussed, and improved 
in^ans of practically applying the various protective circuits 
are described. 

.Thp superiority of biased systems, in principle, is accepted 
as having been established, but the objections to a more 
complicated relay are recognized. The author advocates 
the use of simple relays only, in order to restrict to a minimum 
the employment of moving parts associated with small 
amounts of power. 

The necessary functions peculiar to biased and certain 
other protective systems have led to the use of balanced 
beam, dynamometer, and other special forms of relay. .The 
paper describes how these features may be achieved with 
a simple relay and a static device called a “ biasing trans¬ 
former.*' 

Current transformers and simple types of relay are briefly 
dealt with, and a further static device called a phantom 
auxiliary switch ’* is described. 

The application of the foregoing apparatus to actual 
protective, circuits is described in the second portion of 
the paper, and attention is drawn to the advantages of 
dealing with earth faults and line faults independently. 
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Section 3. 

Application. 

Conclusion. 

Introduction. 

Several papers dealing with this subject have been 
read and discussed before the Institution, and much 
helpful expression of opinion and useful experience have 
been made public. 

In the present paper the author describes certain 
methods and devices whereby the ideals and objects 
aimed at and expressed may more nearly be approached. 

No new principles or fundamentally novel circuits 
will be found in the paper, but the author endeavours 
to indicate how existing methods may be made simpler 
and more reliable by the use of apparatus operating 
on well-known principles and presenting no new features 
of construction, but which has not in the past been 
associated with protective gear. 

It is proposed to restrict the paper to a description 
of differential systems of protection only, and to the 
class of protective gear operative on flow of current, 
rather than to arrangements of a preventive nature. 

The systems described will be those considered speci¬ 
ally suitable for supply systems operating with a neutral 
earthing resistance. 

General agreement with the principle of instan¬ 
taneously clearing earth faults of reasonably small 
value is assumed, as is also the necessity for protective 
relays being of the simplest design as well as of robust 
construction. ,, 

Section 1. 

General Features of Design. 

The nature of the requirements associated with pro¬ 
tective gear presents more stringent conditions to be 
met, and deinands greater precision and reliability of 
operation, than is ^e case in almost any other class,of 
electrical apparatus.. 

>The principal featoes of difference between the more 
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common forms of electrical circuits, instruments, etc., 
and the devices comprising a protective system, may be 
considered under the following headings :— 

Reliability, —Occasional failure, whilst admittedly un¬ 
desirable, may be commercially permissible, in most 
ordinary classes of apparatus, to an extent depending 
on considerations of maintenance. 

Moreover, such failures will be readily brought to 
light in the ordinary course of duty. 

The primary function of protective gear is to function 
with absolute certainty on the occurrence of trouble, 
and any shortcomings in this connection may not be 
discovered until an actual fault has occurred. 

Conditions of service. —^The requirement of reliability, 
to the maximum extent commercially obtainable, is 
common to all devices created by the engineer, but 
only in a very limited range of apparatus, which 
includes protective gear, is it an essential feature of 
the working conditions that the operation shall only 
be effected on very infrequent occasions. 

In the general case it must be admitted that constant 
use is one of the circumstances whereby the operating 
mechanism is maintained in a state of ef&ciency. 

Range of operation. —^Neither machines, instruments, 
nor control circuits are expected in the ordinary way 
to perform the function for which they are designed, 
over a range exceeding to any great extent a ratio of 
10 to 1, either of current or voltage. 

A protective system, on the other hand, whose function 
is to discriminate between the flow of current due to 
local or remote faults, must carry out this operation 
with precision when subjected to currents the magnitude 
of which may vary from that of an earth fault current, 
of the order of 60 amperes, to that associated with the 
short-circuit current which may flow due to a breakdown 
between lines on a large network. Such fault currents 
have been known to exceed 20 000 amperes. 

Responsibility. —^In a protective circuit will be found 
certain items of apparatus consisting of current trans¬ 
formers, relays, etc., variously arranged and connected, 
and involving wiring and contacts, the whole, as a rule, 
being energized to the extent of a few volt-amperes and 
being correspondingly proportioned. 

Directly dependent, however, on the small operating 
forces and light moving parts necessarily associated 
with the limited energy available, there may be not 
only generating plant, mains, etc*, representing an 
appreciable percentage of the total capital involved, 
but also, in an industrial area, means of production of 
which the output may bey computed in hundreds of 
pounds per minute. 

It will be seen, therefore, that such electrical appa¬ 
ratus, which is in itself trivial and insignificant when 
compared with the majority of the machines or devices 
met with in an electrical power station, is rarely so 
applied that unsatisfactory performance of the gear 
itself is likely to give rise to results more unfortunate 
financially or of greater extent. 

Limitations of protective circuits. —It would seem that 
^ very good case might be made out for a direction of 
development closely following that which has proved 
successful when applied to control devices and circuits. 
Present practice in this sphere favours the use of 


mechanical principles and ample operating forces rather 
than numerous electrical components, especially those 
involving small contacts. Methods of discrimination, 
therefore, which involve selective contacts in series, 
cannot be considered as a line of development likely 
to lead to the standard of reliability essential to the 
success of a protective system. 

Similarly, every effort should be made to provide 
operating forces as large as possible, but it is precisely 
in regard to this feature that the protective circuit is 
at a disadvantage. 

Much better results will attend the employment of 
transformers capable of increased output, rather than 
endeavour directed to the design of sensitive relays, 
but there are definite limits to such a line of develop¬ 
ment. 

Owing to the desirability of clearing an earth fault at 
an early stage in its development, the energy available 
for operating relays under such conditions can scarcely 
exceed a few volt-amperes. 

For this reason, therefore, the above argument in 
favour of employing mechanical principles does not 
seem equally applicable to protective apparatus. 

Stability. —Immunity from incorrect operation due 
to through currents is of equal iniportance to cer¬ 
tainty of operation on the occurrence of a fault. It is 
notably in this respect that existing methods of pro¬ 
tection have not always been found adequate. 

The magnitude of the disturbances which may be 
met with on large systems is now realized to exceed 
the range within which uniform performance of ordinary 
current transformers may be relied upon. 

Only where air-gap transformers are used can balance 
be properly obtained under short-circuit conditions, 
.but this practice leads to the necessity, for very sensitive 
rela 3 rs if limited earth faults are to be dealt with. 

It is to be noted that these difficulties are definitely 
associated with the employment of a system depending 
for its operation on the direct difference between the 
effects concerned. Much more satisfactory results have 
attended the efforts which have been made to arrive 
at a solution along other lines. 

Biased systems.’-‘This reference is intended to cover 
those systems of protection ’ in which the value of 
the difference current necessary to effect operation 
of the relays is not a fixed quantity as in the case of a 
relay connected in a differential circuit and having a 
given current setting, but one in which the amount of 
the difference current required is augmented as the 
load current, transmitted by the circuit protected, 
is increased. In order to give effect to this principle, 
existing methods have employed what is referred to 
as a biased relay, this term denoting a relay having a 
variable electrical bias in addition to, and distinct from, 
the constant mechanical bias due to gravity, a spring, 
or other controlling force. 

The construction of a relay of this type will necessarily 
be less simple than that of a plain relay having but 
electromagnetic element. It is well known that difh- 
culty is met with in designing biased relays in forms 
au£6,ciently sensitive to be operated by the limited energy 
available, oh account of the considerable forces which 
they must withstand without operating. 
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A perusal of the published expressions with regard to 
the principle involved, indicates clearly that the prin¬ 
ciple of biasing is accorded general support. The 
employment of forms of relay departing from the sim¬ 
plicity of the single element, hovjjever, is deprecated 
and much difference of opinion exists as to whether this 
objection is outweighed by the advantages associated 
with the use of biased rela)rs. The author, however, 
feels justified in assuming general agreement with the 
biasing principle as applied to a protective circuit, pro¬ 
vided that the objections above referred to axe avoided 
and the advantages retained. 

Static Method of Providing BiasI 

It is required, therefore, to provide a means of re¬ 
straining a relay from operation, as well as actuating 
it, without the necessity of introducing into the relay 
additional forces and components. 

In making comparison between the relays incidental 
to biased S 3 ^tems of protection and arrangements which 
do not present this feature, the protection of a single 
circuit was implied. Where the protection of parallel 
circuits as such is concerned, however, the employment 
of balanced-beam or similar forms of relay is usual, 
whether the fault setting varies with the through 
current or not. 

A further field of application is therefore seen to 
present itself to a method of carrying into effect, by more 
simple means, the function hitherto performed by 
differential or biased relays. 

A very simple method of restraining the relay from 
operation is provided if, instead of introducing additional 
forces in opposition to the operating effect, a reduction 
in the magnitude of the latter be brought about. • 

It would seem, therefore, that there is required some 
form of intermediate device connecting the operating 
effect with the relay and capable of transmitting to tlie 
latter such proportion of the available energy as may be 
appropriate to the circumstances under which the 
apparatus is functioning. 

. To meet this requirement the author has employed 
a device which,-whilst its use in connection wi-di certain 
special systems of control is on record, has not, to his 
knowledge, undergone extensive development, nor has 
it hitherto entered the sphere of practical engineering. 
In its simplest form it consists of a transformer of 
special design and possessing the following novel features. 
Whilst it has, in common with other forms of trans¬ 
former, a secondary winding and a primary or operating 
winding, it is provided with a further winding, described 
as a restraining winding, in order to indicate its function. 
This latter winding is not inductively related to the 
operating or secondary windings, but it excites a magnetic 
circuit a portion of which is common to that with which 
the other windings are linked. 

Such an arrangement might consist of a pair of 
ring cores as in Fig. 1 (a), each provided with similar 
operating and secondary windings connected in series; 
a third coil present on each core but in one case reversed 
in relation to the other windings will, if excited, have 
the following effect. Such E.M.F.'s as may be induced 
m- each secondary by this third coil will not appeajj 
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in the complete secondary circuit as they will be 
in opposition; nevertheless the magnetic circuits 
of both transformers will be excited. If such pro¬ 
portions be chosen that curr^ts flowing in the 
restraining winding give rise to saturation of the 
iron, this will clearly affect the secondary current cor¬ 
responding to any given operating excitation, ‘since 
the secondary ampere-turns will roughly be equal to 
the difference between the primary and magnetizing 




Fig. 1.—^Forms of biasing transformer. 


ampere-turns. Excitation of the restraining winding it 
capable of increasing the reluctance of the magnetic 
circuit to such an extent as will necessitate a very much 
greater operating current in order to deliver the required 
secondary energy. If, therefore, the operating winding 
be connected in place of the protective relay, this 
being connected to the secondary, the desired effect.is 
obtained. 

. Whilst the above scheme is one of the most efficient. 
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forms of restraining winding, the author employs a 
somewhat different method presenting peculiar ad¬ 
vantages. In lieu of the pair of cores described, a 
single core, having t]^ee limbs, of the form shown in 
Fig. I (b), is used. This shape enables two magnetic 
circuits to exist in the one core, each of which has a 
common portion as specified, and coils may be arranged 
in various ways to have inductive relation with either 
of the magnetic circuits. 

Windings appropriate to the excitation of one or 
other of these magnetic circuits may, however, them¬ 
selves be mutually non-inductive. The restraining 
winding, for instance, may consist of a single coil 
situated on the central limb, as in Fig. 1 (i>). 

Divided operating and secondary windings will then 
be employed, consisting of two coils having equal 
numbers of turns, each being on one of the external 
legs of the core. This sets up a flux as indicated by the 
chain-dotted lines. A more efficient restraint, however, 
is given if divided restraining windings are employed, 

Eestrainirig -winding 

— Kmsismjmmj — 


Operating 

•wtading 


Relay 



Secondary 

winding 


Fig. 2.—^IVIetliod of indicating windings of biasing transformer. 


volved. Even where, due to careless assembly of the 
core, a lack of S 3 mimetry is produced, the author’s 
experience is that unless cores of a much larger size 
than those which he employs are used, the out-of¬ 
balance current in the relay when the heaviest restraining 
current is flowing cannot be detected by any instrument 
of such range as might be used to indicate the tripping 
current of the relay. 

In order to carry out the various requirements in 
connection with the different schemes to be considered, 
it is often necessary to employ more than one transformer 
element, and in such cases these will be connected in 
cascade, i.e. the secondary winding of one transformer 
will be connected to the operating winding of another, 
and so forth, the relay being excited by the final 
secondary. 

In order to avoid complication in diagrams of pro¬ 
tective circuits of this nature, a simple form of repre¬ 
sentation of the various windings, as shown in Fig. 2, 
has been adopted in all the diagrams which follow. 
In every case, therefore, the restraining winding will 



Fig. 3.—Simple circulating-current protective circuit. 


as shown in Fig. 1 (^;). In either case the restraining 
winding gives rise to a saturating flux passing through 
the centre, as shown by the dotted lines in Fig. 1 (c). 

This fonn of construction is obviously superior to 
the ring arrangement, since former-wound coils may be 
used in which laminations, conventionally jointed, 
may be assembled. It will be seen that the core is 
laminated in one plane only. A further advantage, 
however, is that an air-gap may be provided in the 
restraining magnetic circuit without reducing the un¬ 
restrained penneability of that associated with the 
other windings. This enables very useful restraining 
characteristics to be achieved, as will be more readily 
comprehended in relation to the various metliods of 
applying this device to protective circuits. These 
characteristics will be more fully explained later in 
the paper. 

It might perhaps be thought that the employment of 
this device would be inclined to lead to internal balancing 
difficulties peculiar to its construction. It is to be 
pointed out, however, that it is clearly less difificult 
to procure uniformity between two halves of the same 
^t of laminations than where separate cores are lu¬ 


be shown horizontally and the operating and secondary 
windings the longer and shorter respectively of the two 
vertical indications. 

A combination, therefore, of biasing transformers and 
sjmple electromagnetic relays may discharge the func¬ 
tions usually performed by balanced-beam relays, 
differential induction relays, or dynamometer relays 
in applications of the foregoing to balanced-current 
protection, reverse-power apparatus, and differential 
forms of the latter. 

The principal functions of the biasing transformers 
applied to systepas of protection are as follows :— 

(1) Overload restraint. 

(2) Discriminating restraint. 

(3) Directional discrimination. 

(4) Auxiliary restraint. 

(1) Overload restraint .—In order to apply the feature 
of overload restraint the operating winding will be 
connected so as to receive the difference current, and 
the restraining winding will be connected in a suitable 
portion of the protective secondary circuit carrying 
current proportional to the load bn the unit protected. 
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In the majority of differential protective circuits this 
will be known as the “ circulating current'' circuit. 
Fig. 3 shows what is probably the simplest form of 
protective circuit, viz. the protection of a single winding 
or conductor on the circulating-current system. It 
win be seen that the two current tfansformers are con- 



Fig. 4.—^Application of biasing transformer to circulating- 
current circuit. 


nected so that current normally circulates between them 
when their primaries are carrying equivalent currents, 
but that in the event of a fault on the winding protected 
—to the effect that the entering and leaving currents 
are no longer of equal magnitude—^there will appear 
a difference current in the relay, this being connected 


used. It has given entire satisfaction within its sphere 
of utility, which is limited to cases where no great 
sensitivity is aimed at and where it is possible to provide 
accurate balance between the current transformers, or 
where, alternatively, the protec^d plant will not be 
subjected to the effects *of heavy external faults. 

There is scope for improvement in performance in 
many instances and, by "^e employment of the biasing 
transformer, this may be achieved with freedom from 
additional complication. 

An equivalent protective circuit is outlined in Fig. 4. 
A relay similar to that embodied in the scheme shown 
in Fig. 3 may be utilized in this circuit. In accordance 
witli the principles indicated above, the operating 
winding of the biasing transformer is connected in Fig. 4 
where the relay was shown in Fig. 3. The relay is 
excited from the biasing transformer secondary, whilst 
the restraining winding is included in the circulating- 
current connections. In order that the operating wind¬ 
ing shall continue to receive the true difference current, 
the restraining winding must clearly be symmetrically 
disposed with regard to it, and accordingly one end of 
the former will be taken to a mid-point on the restrain¬ 
ing winding. This modification endows the protective 
circuit with the characteristics shown in Fig. 6, which 
gives the relation between the current in the restraining 
winding {that is to say, the transmitted load or through 
current"), and the operating excitation. In other 
words it shows the difference or fault current necessary 
to cause the relay to trip. 

Fig, 6 shows the magnitude of restraint that can 
be achieved under these conditions. The actual value 



Fig. 6.—Characteristic curve of biasing transformer; overload restraint. 


between equipotential points on the circulating-current 
circuit. 

This relay will be of simple design, having no differ¬ 
ential feature. It will therefore operate at a given value 
of difference or fault current irrespective of the " through 
currents" which may traverse the protected circuit. 
This arrangement is well known and has been widely 


attained will depend, of course, on the number of 
turns on the restraining coil, and a restraining action 
of the. full extent indicated may not, in every instance, 
be necessary or desirable. 

The use of the biasing transformer,, however, renders 
possible the provision of a further advantageous feature 
not usually inherent in systems employing biased relays. 
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In any scheme in which restraint is derived from current 
proportional to the transmitted load, there is likely to 
be present at normal load a corresponding fraction of 
the restraint provided under overload conditions, and, 
unless the latter be Of moderate extent only, the full¬ 
load sensitivity will be appreciably less than the 
maximum of which the protective circuit is capable. 

In this connection there will be seen the utility of the 
central air-gap to which reference has previously been 
made. Under normal circumstances when the trans¬ 
mitted load and, accordingly, the restraining current, 
is of no very great magnitude, the presence of the air- 
gap will materiall 3 ^ reduce the restraining efiEect, causing 
as it does a very marked increase in the reluctance of 
the magnetic circuit carrying the restraining flux. 
When, however, due to remote faults or overloads, the 
restrainifig excitation is of the order of magnitude 
capable of saturating the core of the biasing transformer, 
the effect of the air-gap will be very much less, in fact 
almost inappreciable, since the permeability of the core 
itself in this state will more nearly approximate to 
that of an air path. The upper curve in Fig. 6 indicates 
the characteristic of a biasing transformer in which the 
central member is not furnished with an air-gap, whilst 
the lower curve corresponds to the provision of a suitably 
.designed magnetic circuit in which one is present. 

‘ Thus it is possible to arrange that the inherent sensi¬ 
tivity of the protective circuit shall not be impaired 
by the presence of the restraining effect until the trans¬ 
mitted load or fault current considerably exceeds the 
rated load of the unit protected. It is not until currents 
of this order of magnitude axe attained that the difiBl- 
culties associated with current-transformer balance, 
etc., which postulate the provision of a biased pro¬ 
tective system, become in evidence. 

On the occurrence of a fault within the area embraced 
by the protective circuit, however, the difference current 
flowing in the operating winding is able, under conditions 
of maximum efl&ciency, to effect the isolation of the 
defective plant through the actuation of the relay. 

Consideration of another aspect of the design of pro¬ 
tective apparatus will disclose an additional benefit 
incidental to the use of this device. The provision of 
very sensitive fault settings has been restricted in the 
past by considerations of immunity from incorrect 
operation, having regard to the question of balance, 
and accordingly there has been no extensive use of 
relays capable of operating at small values of energy 
except where, due to the type of protective transformer 
provided, the available volt-amperes are of an extremely 
low order, in which case the use of such relays has not 
. given rise to notably advantageous sensitivity. 

The extreme range of current values over which it 
is necessary for protective gear to operate has already 
been indicated, and it will be immediately apparent 
that improvement in the sensitivity of a protective 
system has the effect of extending the limits within 
which accurate and correct performance must be 
achieved. 

Reduction in the fault setting may be arrived at in 
two ways. First; relays of a highly sensitive d^^ign 
may be used ; and secondly, a more efficient protective 
x^cuit may be evolved, i.e. an arrangement of trans- 


.formers and connections capable of delivering to the 
protective relays, for any given fault effect, an increased 
amount of energy. 

The immediate effect of the latter method of improve¬ 
ment will be to give rise to mechanical forces of aug¬ 
mented magnitude' exerted on the movable portions 
of the relays when a heavy fault occurs. If at the 
same time additional improvement be sought in the 
direction of more sensitive relays, it is evident that 
difficulty will be met with, the forces accompanying 
a short-circuit bn the plant protected becoming of 
destructive magnitude if this line of attack be indefi¬ 
nitely pursued. 

As the biasing transformer will have a magnetic 
circuit of restricted cross-section, this will become 
saturated by operating current alone when it exceeds, 
to any great extent, the value necessary to effect 
tripping of the relay, even though the restraining winding 
is not energized. The secondary output will therefore 
be correspondingly limited, as will also the maximum 
force which may be developed in any relay operated 
by the biasing transformer, no matter to what magnitude 
the fault current may increase. 

In applying the biasing transformer to differential 
circuits with a view to the provision of overload restraint, 
one essential characteristic of this class of apparatus 
must be borne in mind, viz. the relation which will 
exist between the extent of the restraining effect and 
the phase displacement of the restraining current with 
regard to that flowing in the operating winding. As 
may be anticipated, the restraint will be a mai^imum 
when the phase angle is zero and will be a minimum 
when the two effects are in quadrature. It is to be noted, 
however, that the restraining action is by no means 
non-existent even in the latter case. In the case of 
overload restraint it will further be obvious that the 
actual value of the restraint is not essentially of any 
great importance provided that it is sufficient for its 
purpose under the least favourable circumstances, and 
that when operating and restraining currents are coinci¬ 
dent in phase the decrease in sensitivity is not appre¬ 
ciable under conditions of normal loading. 

No difficulty has been encountered in meeting these 
requirements, and the author has carried out a very 
large number .of tests of an exhaustive nature in this 
connection, "turn errors" and other discrepancies 
having been introduced into the current transformers 
employed. As a result it has been demonstrated that, 
in the matter of current-transformer balance, ample 
restraint may be applied without more than a small 
fraction of the maximum possible effect being brought 
into use. In one instance samples of a propnetary steel 
from entirely different mills were supplied by the manu¬ 
facturers. Transformers built from different batches 
were tested together in a simple protective circuit 
and it was found that the relay tripped with through 
currents of less than 10 000 amperes. When, however 
a biasing transformer was employed, a low-impedance 
instrument connected in series with the relay and giving 
a half-scale deflection with the current at , which the 
relay was set to trip, gave no perceptible reading when 
the maximum obtainable, current (considerably in exce^ 
of 10 006 amperes) was applied; 
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There will, of course, be a certain loss of secondary 
tripping current due to the additional transformation, 
but the sensitivity is unimpaired if the relay setting 
be reduced by 20 per cent. In unbiased systems, 
however, the question of stability will determine the 
setting of the relay rather than %he question of the 
minimum volt-amperes at which the relay is capable 
of operating. The employment of the biasing trans¬ 
former, in fact, renders possible the use of a very much 
more sensitive relay should this be desired. 

(2) Discriminating restraint .—In the foregoing it has 
been shown how a biasing transformer may advantage¬ 
ously be applied to a simple differential protective 
circuit, i.e. one in which it is desired to effect operation 
of a single relay on the occurrence of a difference between 
two currents which are normally equal. 

In many well-known systems, notably those concerned 
with the protection of parallel circuits, a more extended 
function is required. In such instances the protective 
apparatus will, as before, be called upon to compare 
normally equivalent currents, and to operate in the 
event of inequality. There will, however, be more than 



Fig. 6.—^Discriminating balanced-beam rela}^. 


one relay, each associated with a particular circuit, 
and it will be necessary to give rise to tripping of one 
particular relay, usually that carrying the greatest 
current. It will be of corresponding importance jn 
such applications that relays other than the one specified 
shall be immune from operation. 

It is apparent, therefore, that systems of tliis nature 
are necessarily those referred to previously in the paper, 
when it was pointed out that the employment of 
balanced, biased or differential relays was inevitable in 
circuits of this form. • 

The simplest case is that of direct balance between 
two feeders, when, as in Fig, 6, two simple mechanically 
balanced relays of the beam t 3 ^e might be used. Each 
of these relays is arranged, as sho'wn, to trip out the 
line from which it derives the current exciting the coil 
which tends to close the contacts. The restraining coils 
are each connected in series with the operating coil of 
the opposite relay and current transformer. Assuming 
equal turn ratios, etc., both relays will be balanced when 
lie load or other currents are carried to the same 


extent by both lines. If one of the feeders carmes an 
excessive current, due perhaps to a fault, the corre¬ 
sponding relay will be subjected to an augmented force, 
in excess of its restraining effort, tending to actuate it. 
This relay will accordingly operate whereas on the other 
there will be increased* restraint and the sound line 
will remain in service. 

Fig. 7 shows an analogous scheme in which ordinary 
relays and biasing transformers are substituted for the 
balmced relays, no other change being made in the 
connections. With such an arrangement a similar 
performance may be obtained. This will be more clearly 
understood by reference to further characteristic curves 
of the biasing transformer. As shown by the curve in 
Fig. 6, referring to a biasing transformer having a closed 
restraining magnetic circuit, the ratio of operating to 
restraining ampere-turns giving tripping currgnt in the 
relay remains fairly constant over a wide range. From 
this it is clear that any ratio of operating to restraining 
excitation greater than that indicated by the slope of 



this curve will provide a current in the secondary 
circuit more than sufficient to trip the relay, whilst 
any ratio less than that shown will not C 9 .use the relay 
to operate at all. 

In Fig, 8,. therefore, are shown curves connecting 
relay currentwith operating current, a restraining current 
having direct proportional relation to the operating 
current being simultaneously present. Each curve 
refers to a different ratio between operating and re¬ 
straining excitation. 

If the value of current at which the relay is set to 
trip is that indicated by the dotted line, the curve of 
secondary current due to a ratio as in Fig. S would, 
except in the neighbourhood of zero excitation, lie along 
this line. It was pointed out, however, in regard to 
Fig. 6 that when the two circuits are carrying equivalent 
currents the operating and restraining currents in th 
coils of each relay are likewise of similar magnitude; 
the same state of affairs exists in coimection with' the 
operating and restraining windings of the biasing 
transformers in Fig. 7. 
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Ev^ently, therefore, it is possible to provide biasing 
feansfomers having such operating and restraining 
tarns that, when excited in series, there will be set up 
m the-secondary winding and relay, a current as indicated 
by curve (a) m Fig. which shows the actual charac- 
tenstic obtainable. r> 

It was further seen in connection with Fig. 6, and 


present in the appropriate relay. In the previous case 
it will be recalled that under circumstances when the 
operation of a relay would be incorrect the only operating 
current would be that due to imperfections of balance. 

The connections in Fig. 7 indicate that this require¬ 
ment is met by the arrangement shown, since under 
all possible fault conditions there will be present in 



accordingly it appHes to Fig. 7, that on the occurrence 
of a fault on one of the circuits there will be an operating 
current exceeding its restraining current in the biasing 
transformer associated with the defective line, whilst 
on the sound feeder the restraining current will be 
greater than tlie operating current. In Fig. 8 the latter 
circumstances are illustrated by curve (b) and the former 
by curve (c). 

In the extreme case of a severe fault on one circuit 
with no current flowing in the other, there would of 
course be no current in the relay which trips the latter 
whereas in the other relay there would be a secondary 
current in accordance with curve (d) in Fig. 8, which 
is simply that of unrestrained transformation. As 
indicated in the previous section, however, the relay 
would receive only a limited current no matter how 
^vere the fault current might be, being thereby protected 
from mechanical or electrical damage under such cir¬ 
cumstances. 

In connection with the provision of overload restraint, 
the effect of a phase difference between the operating 
^d restraining excitation has been referred to, when 
It was pointed out that the magnitude of the restraining 
effect was. ndt always of great importance provided 
that it was sufficient to serve its purpose. In the 
present instance it is essential that where it is neces- 
saxy for a relay associated with a sound circuit to be 
restrained from operating under fault conditions, this 
restraint shall be of a definite nature, since an operating 
current due to that carried by the sound fine wiU be 


the defective circuit a resultant current containing a 
component equal to, and in phase with, that in the 
sound hne. 

Fig. 6, however, does not represent the most advan¬ 
tageous method of protection on these lines, as such an 

Busbar 


Current 

transformer 



Teeder , 
Fig, 9. Improved discriminating circuit. 


Tripping 

s^Bply 


^angement operates on a constant difference current, 
m superior ments of a system operating on a value 
increasing in accordance with 
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In order to endow the scheme shown in Fig. 6 with such 
properties it is only necessary to provide a restraining 
effort exceeding, for equal exciting current, the operating 
force. This may be arranged by providing an increased 
number of turns on the restraining coil, or by slightly 
adding to the length of the relay-beam between the 
fulcrum and the point of attachment of the restraining 
plunger. The author has found that the latter gives 
a more extended range of truly proportional bias, as 
this effect is likely, in the former instance, to be restricted 
by saturation of the plungers. This arrangement, it is 
believed, constitutes the first known example of a biased 
system of protection and is due to Mr. Wedmore. 

Instead of a scheme on the lines of Fig. 7, the author 
employs the arrangement shown in Fig. 9, which gives 
both discriminating and overload restraint. The current 
transformers and restraining windings are connected 


one of the protected lines a corresponding difference 
current will appear in both operating windings. It is 
clear that the presence of a heavy short-circuit on the 
one line, there being no current in the sound primary 
circuit, represents the most severe condition for^ dis¬ 
crimination, and under ‘these circumstances the differ¬ 
ence or operating current is equal in magnitude to that 
in the restraining winding on the biasing transformer 
controlling the relay on the sound line. 

Relations similar to those described in connection 
with Fig. 7 are employed between the operating and 
restraining windings, and accordingly Fig. 8 will also 
be applicable to this circuit. The biasing transformers 
associated with the sound line, therefore, have equivalent 
operating and restraining currents and v^l in conse¬ 
quence, in accordance with curve (a) in Fig. 8, remain 
inoperative. The transform^ controlling the other 


Coe^*+i 



Pig. 10._^Vector and polar diagrams illustrating directional operation. 


so as to form a circulating-current circuit having equi- 
potential points across which the two operating windings 
are connected in series. The restraining windings, it 
will be noted, are cross-connected. 

Unlike the arrangement shown in Fig. 7, the connec¬ 
tions indicated in Fig. 9 ensure that no current vtill 
appear in the operating windings when both circuits 
are sound, except such as may be due to lack of balance 
on the part of the current transformers or the primary 
circuits themselves. On the occasion, however, of a 
short-circuit on some other part of the system being 
fed through the circuits protected, and due to which 
unbalancing may be in evidence, correspondingly heavy 
currents wUl be set up in the restraining windings. 
The property of overload restraint is thus seen to be 
present.* 

The properties of discrimination of this scheme are, 
however, very similar to those provided by the connec¬ 
tions shown in Fig. 7 ; on the occurrence of a fault on 


relay, whilst receiving the same operating current, 
will be unrestrained and will therefore trip, thus dis¬ 
connecting the defective circuit from the system. 

Attention is directed to the fact that in any biasing 
transformer protecting a healthy line, the operating 
current appears in its restraining winding when a fault 
occurs. Hence the restraining extcitation is in phase 
with the operating ampere-tums. 

Circulating-current circuits operating on the above 
principle may be arranged for protecting any number 
of parallel circuits. 

In the arrangements described in regard to the pro¬ 
tection of double circuits it is evident that if one of 
the lines trips out, no measure of discriminating pro¬ 
tection may be applied to the remaining circuit. In 
practice, means of automatically rendering the protective 
gear inoperative if either switch be open would be 

arranged. . , , . 

In schemes involving more than two lines it will be 
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neces(Bary to provide auxiliary switches which, in the 
event of one line coming out of service, will so modify 
the circulating-current circuit that it remains effective 
for the protection of the reduced number of lines. 

(3) Directional discrimination ,—Existing methods of 
directional discrimination usuf^lly make use of one of 
two operating principles. The former of these, in 
which the relay is actuated by the reaction set up 
between two windings, one of which is excited by current 
and the other by potential, necessarily employs relays of 
appropriate type, usually of dynamometer form. The 
other principle involves the vectorial addition or sub¬ 
traction of electrical effects set up respectively by current 
and potential excitation, some means being devised for 
arranging that neither current nor potential alone can 
effect operation of the relay. 

The latter principle has been applied by the use of 
balanced-beam relays, and, as may be anticipated— 
following the use of the biasing transformer in lieu of 
this type of relay for other purposes—^it is possible to 
employ a biasing transformer, controlling a simple relay 
in an analogous manner. 

Whilst this principle is not capable of quite the degree 
of precision attainable with the dynamometer type, it 
is thought to possess some sphere of usefulness. 

If it be supposed, for the purpose of explanation, 
that ^e voltage and current concerned be of constant 
magnitude, a means of arranging directional discrimina¬ 
tion, within the specified limitations, by means of a 
simple relay having current and potential windings, is 
immediately apparent. It might be carried out, for 
example, on the lines indicated in Fig. 10, in which 
OA represents the vector value of the potential excitation, 
which it is convenient to consider as being of fixed 
position, and, by hypothesis, is of constant length. 
OB represents the current vector, also of fixed magnitude 
but having a varying phase relation to OA, according 
to the conditions of power. The excitation of the 
relay, being the resultant of OA and OB, will vary' 
between the limits of the arithmetical sum and difierence 
• of these two quantities, and is represented by the 
vector AB. 

This arrangement will possess directional properties 
if the relay be set to trip at a value equal to that, of 
AB when the current and potential are in quadrature, 
under which circumstances AB' will form the hypo¬ 
tenuse. If the connection be made so that addition 
occurs when the direction of power is negative or 
reverse, the relay tripping current will be reached when¬ 
ever there exists a negative component in the current. 
In practice, however, we are concerned with both 
potential and current of varying magnitudes, and the 
^ above scheme is clearly inapplicable; it could only 
be employed were some means available of obtaining 
an excitation related to the current or pressure in 
direction but not in magnitude. 

The possibility of this is suggested by the form of 
curve {a) in Fig. 8, and it has in fact been found pos¬ 
sible, by a suitable design of windings and magnetic 
circuit, to provide a biasing transformer which, with 
series-connected operating and restraining windings, 
win maintain in the relay a cunrent approximating 
very closely indeed to the m^an value, this being main¬ 


tained over a current range extending from a small 
fraction of full load to the maximum possible overload. 

If the assumption be made that the potential will 
always be of constant value, only the current excitation 
need be provided through the medium of a biasing 
transformer. The rirelay would then be furnished with 
a separate winding, energized in series with a resistance 
large in comparison with the reactance of the winding, 
with a view to the provision of a current in phase with 
the potential. Advantages accrue, however, if the 
potential excitation be also provided by means of a 
biasing transformer, a simple relay being employed 
having one winding only, connected as shown in Fig. 11. 

In this figure it will be noticed that the relay is 
excited in series with the secondaries of two biasing 
transformers, one of which receives the secondary 
current of the current transformer whilst the other 



derives its energy from the secondary of a potential 
transformer. 'The relay will accordingly trip when the 
resultant secondary current of the biasing transformers 
r^jaches the appropriate value in the manner described 
in reference to Fig. 10. 

If the arrangement be excited from the current trans¬ 
former only, the relay current would be in accordance 
with curve [a) in Fig. 12, which is seen to be to 

curve [a) in Fig. 8, except that in this instance it may 
be desirable to provide as flat a characteristic as possible. 

The relation between the relay current and the potential 
may now be considered, it being supposed for the moment 
that no energy is derived from the current transformer. 
Apparatus of this nature will essentially be more com¬ 
monly associated with pol 3 rphase circuits than with 
others, and the present example is intended to be 
applied to an ordinary three-phase S 3 ^tem. 

In directionally functioning apparatus it is now the 
accepted practice to excite the potential windings from 
phases adjacent to tiiose in which the corresponding 
current elements are connected, in order to overcome 
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difBLculties due to vectorial distortion of the potential 
under short-circuit conditions, which dfficulties are 
known to occur if this principle is not adopted. It 
wiU be seen that the present arrangement is peculiarly 
suitable for carrying out this requirement, for the 
following reasons. • 

Where the above practice is carried out it is clearly 
necessary to arrange that the potential relay current 
shall be in quadrature with the voltage producing it, 
in order that at unity power factor there shall be 
coincidence of phase relation between the current and 
voltage effects. Where dynamometer relays are used, 
the pressure coils are sometimes excited in series with 
condensers for this reason. 



Fig. 12,—Characteristic curves * of biasing transformer j 
directional operation. 


Whilst the characteristics of the potential Aliasing 
transformer may be arranged to be similar to curve {a) 
in Fig. 12, it may be preferable to arrange them after 
the pattern of curve (b), for the reasons explained below. 

It will be seen that the effect ofHhe flat characteristic 
will be such that if any* point on the curve be chosen 
to represent normal pressure, a reduction in voltage 
due, for instance, to a fault on the system, will not 
cause a proportional decrease in the relay current, 
only that current derived from the potential being 
considered for the present. The shape of curve (5) 
in Fig. 12 will enable more sensitive operation to be 
obtained on reduced pressure, whilst the falling-off of 
current on over-voltage is likely to have a favourable 
effect on the performance of the apparatus when sub¬ 
jected to surge effects giving rise to transient pressure- 
rises. • 

Whilst it is theoretically possible to provide unlimited 
compensation for extinction of voltage, in practice 
this will be limited by the capacity of the apparatus 
to withstand the heating effect of the current which is 
normally carried. To obtain adequate operating current 
at very small fractions of rated voltage, therefore, it is 
necessary to provide correspondingly increased ampere- 
turns under normal conditions. Similarly, it is possible 



Fig. 13.—Improved.directionally operating circuit. 


In Fig. 11 it will be observed that the potential bias¬ 
ing transformer, as well as that excited by the current 
transformer, has Cperating and restraining coils con¬ 
nected in series. Since the restrainingi winding has 
more turns than the operating winding, and, moreover, 
since it is of a more highly reactive nature, due to the 
absence of any associated secondary winding, its im¬ 
pedance will very greatly exceed that of the latter, 
with which, it is to be rioted, it has no inductive relation. 
The phase relation of the current in the operating winding 
to the potential from which it is derived, will accordingly 
approximate very closely to quadrature. If, therefore, 
the above method of potential connection be adopted, 
the proper conditions are accordingly obtained. 


to design the current element so that it will only be 
operative on currents not exceeding the rupturing 
capacity of any given circuit breaker. Alternatively, 
it may be designed to trip without potential on a suffi- 
ciently heavy short-drcuit. Such' an arranj;ement, 
therefore, wiE operate in accordance with the vector 
diagram shown in Fig. 10 (g), and its tripping charac¬ 
teristics may be more clearly exhibited by a polar 
diagram as in Fig. 10 (6). Here the full extent of 
angular relation between current and pressure and the 
respective portions of both, over which the relay is 
restrained and operated, are indicated. 

The arrangement shown in Fig. 11 would probably 
possess a slight error due to internal losses in the poten- 
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tial biasing transformer, which would deflect the polar 
diagram slightly in a counter-clockwise direction, due 
to the fact that the potential current would lag behind 
the potential by an angle slightly less tlian 90°. This 
could be compensate for by connecting a resistance, 
taldng a small fraction of the normal current, in parallel 
with the operating winding. This would cause the 
operating current to lag slightly behind the total potential 
current, thereby introducing the necessary correction. 

A preferable arrangement, however, is illustrated in 
Fig. 13, in which an additional transformer is introduced 
between the biasing transformer excited by the current 
transformer and the relay. For reasons which will be 
more fully discussed in connection with the complete 
scheme of differential protection to be described in a 
subsequent section of the paper, this second transforma¬ 
tion will^usually be present in the form of a further 


these circumstances consists in the an'angonient of the 
potential connections so that a phase displacement of 
the potential excitation in a direction favouring tripiiing 
on a reactive fault is effected. One method of carrying 
out this idea is the connection of the potential wiiulings 
between line and Sarth instead of between phases, a 
scheme which introduces a displacement of 30^’, 'rhis 
is not entirely effective, since on the occurnmee of a 
single-phase fault very little difference in phase nm>^ 
actually exist between either arrangement; moreover, 
tlie presence of tliis phase-shift under normal cotulilions 
is of no advantage and might conceivably be detrimental 
in the event of any considerable leading current being 
found in the circuit protected. 

Ill the scheme outlined in log. 13, however, the follow¬ 
ing phenomena occur, and give rise to a feature of utility. 
It has been explained how the presence of a second 
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Fig. 14.— ^Vector and polar diagrams of improved directional circuit. 


restraining effect, in directionally operative circuits of 
which the present simple diagram may form a portion. 
In Fig. 13, however, this is indicated as a simple trans¬ 
formation possessing no restraining feature. Under 
conditions of normal load this arrangement can be 
designed to have symmetrical tripping characteristics 
in accordance with diagram (6) in' Fig. 10. without any 
additional resistance. 

An additional feature of utility will now be discussed. 
It is weU known that the majority of the more severe 
fault effects necessarily give rise to heavy lagging currents 
of low power factor, and in all forms of directionally 
discriminating apparatus this has been a source of 
difficulty, as such devices are necessarily not operating 
to best advantage under these conditions. Even more 
unfavourable to the present device are these conditions 
since it is dependent for its property of acting direction- 
ally on a purely quantitative principle of operation 

A method of obtaining improved operation un der 


transformation can.ses a corrective phase displaccnient 
giving correct tripping limits, a.s in diagram (/>) in l-'ig. J(i. 
It is found tliat on the occurrence of fault effects giving 
rise to heavy currents this effect becomes augmented 
in accordance with the magnitude of the current, so 
that under such conditions tlie tripping characteristics 
^e as shown in the polar diagram (Fig. 14) ratlier than 
in Fig. 10. This gives the required feature in that under 
heavy-current conditions a current lagging by exactly 
90“ will give a greater relay current than one leading 
by precisely the same angle. In this instance the 
combined effect of both current and potential excitation 
is, of course, referred to. 

This property, therefore, enables more definite dis¬ 
crimination to be achieved under the more ditlicult 
circumstances accompanying fault currents of low power 
factor and large amplitude, at the same time preserving 
accurate phase relation on currents of smaller magnitude, 
e.g. faults to earth on a system employing earthing 
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resistances. It will be perceived that with this arrange¬ 
ment it is not possible to vary the sensitivity of the 
apparatus by adjusting the relay setting, as* it is upon 
this latter factor that the system depends for its dis¬ 
criminating features, and due to thij inherent condition 
the precision of its operation will depend largely on the 
nature of the performance of the relay itself. Where 
it is required to provide variation in the value of the 
current necessary to operate the gear, a simple form of 
.adjustable reactive shunt may be employed, or tappings 
may be provided in the operating windings. As pre¬ 
viously indicated, it is realized that this device cannot 
be considered as a substitute for dynamometer relays 
in general; nevertheless there are often conditions 
where, due to lack of skilled maintenance or other local 
conditions, very simple apparatus may be preferred. 
Apparatus functioning on these lines might, for instance, 
be devised directly to trip the switch. In the more 
special systems of directional protection, shortly to be 
described, a simple relay operating on the above prin¬ 
ciple may always be employed. Alternatively, by using 
similar biasing transformers, and retaining all the 
special features to which they give rise, the simplest 
form of dynamometer relay or its equivalent may be 
used, should it be preferred. Each coil of the relay will 
be excited from the biasing transformer secondaries, 
which in the above case are connected in series. 

(4) Auxiliary restraint .—In the circuits and applica¬ 
tions described above, there has always been used in 
the restraining windings an alternating current of tlie 
same frequency as the operating excitation, the restraint 
depending for its magnitude on considerations associated 
with the conditions obtaining in the primary circuit, 
as, for instance, in the simplest case described, on the 
load carried by the apparatus or circuit protected. 

A restraint of equivalent effect, not in fact dependent 
upon any questions of phase relation, might evidently 
be obtained by exciting the restraining winding from 
a source of direct current. In this manner a number of 
functions might be carried out on lines already familiar 
to switchboard and control engineers, e.g. practical 
requirements in connection with interlocking, signalling 
and similar schemes. Under any circumstsmces where 
the employment of a biasing , transformer renders 
possible the use of a reduced number of contacts, the 
author suggests that its application is at least wortlty 
of consideration. As an example, conditions sometimes 
arise when it is desirable simultaneously to put out of 
action for a brief period, or perhaps to render less sen¬ 
sitive, a considerable number of relays. To do this by 
drdinary methods -might quite conceivably require as 
many contacts as there are rela 3 rs, yet, if a device of 
the nature described be incorporated, all the restraining 
windings might be connected in series and energized 
from a single switch or relay contact. It might be 
possible in schemes of this nature, in which it is 
necessary to make dispositions in accordance with the 
closing or opening of circuit breakers, to utilize existing 
lamp-signal circuits. Many similar adaptations and 
devices will suggest themselves to those familiar with 
work of this kind. The object aimed at by the author 
in every case is the replacement; by static devices, of 
moving parts not associated with considerable amounts 


of power. In circuits where rela 3 rs and biasing Vans- 
formers are already employed for purposes of protection 
in accordance with the requirements previously described, 
the addition of controlling means on the above lines 
may clearly be carried ouj: with faAlity, a further trans¬ 
formation being added to the existing circuit. It should 
be noted particularly that the loss in efficiency due to 
the second restraint is not so great as might be ex¬ 
pected, the primary current necessary to trip a relay 
directly, with one transformation and again with 
double transformation being, in one practical case used 
by the author, in the ratio of 100, 120 and 140, 
respectively. 

By controlling the value of the d.c. restraining 
excitation by means of a rheostat or other convenient 
apparatus, the tripping current might be remotely 
adjusted, and in stations where it is not possible to 
provide attendance of a very skilled order, adjustments 
of this nature might be preferably carried out in this 
manner, if they are frequently necessary, rather than 
interfere with the actual relay mechanisms* A simple 
example of direct-current restraint is illustrated in 
Fig. 22. 

Construction of the Biasing Transformer. 

. The biasing transformer is built up in an entirely 
conventional manner exactly like any other type of 
small transformer suitable for outputs of the same 
order, that is to say, apparatus used in connec1;ion with 
instruments, etc., rather than with the supply of power. 

In the majority of cases tlie core is made of punch- 
ings, assembled in the usual way, in former-wound 
coils. Where there is more than one winding situated 
on one limb of the core these are made up into one 
coil, suitable insulation being provided between the 
respective circuits. It is recommended that all coils 
be subjected to appropriate vacuum and impregnating 
treatments which, besides improving their insulating 
properties, render them less likely to break down due 
to mechanical causes, the process having the effect of 
solidifying them. It will be realized that in a com¬ 
plete scheme of protection a number of such elements 
may be employed. It is usual for all the elements 
necessary for a three-phase circuit to be assembled in 
a metal tank or other suitable receptacle, leads being 
brought out to conveniently situated terminals. The 
whole is then filled with compound. As this portion 
of the protective gear is under no circumstances ener¬ 
gized by pressures exceeding that of the secondary of 
a potential transformer, and is more commonly asso¬ 
ciated with current-transformer connections at voltages, , 
under normal circumstances, even smaller than the 
above, it would certainly appear that the se( 4 tion of 
the protective system which has discriminative pro¬ 
perties could scarcely be provided in a form less likely 
to suffer deterioration of function from any cause 
whatever. 

It is to be noted that since the biasing transformer 
is connected only in secondary circuits, it does not 
receive the full extent of any excessive primary cur¬ 
rents, due to short-circuits, etc. It has been found 
possible to design the windings so that they may be 
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subjected, for testing purposes, to effects of equal 
magnitude to those arising in practice, without suffering 
damage. The tests may be made as often as required. 
This feature is very desirable in view of the importance 
of carr^g out compreliensiv^ and searching tests on 
protective gear. 


Design of Protective Current Transformers. 

The author does not propose to refer at any great 
length to this section of the protective circuit, as there 
would not appear to be any great conflict of opinion 
as to the objects which, should be aimed at. The 
following brief notes, therefore, should sufflce. 

The most essential requirement in the design of 
apparatus to be installed as part of a protective 
system is" that there must not be any feature likely to 
contribute towards risk of breakdown. Clearly, if the 
presence of any component of the protective gear 
introduces into the main circuit any hazard not other¬ 
wise present, the object of the apparatus is abrogated. 
Throughout the design of a protective transformer, 
therefore, both in regard to its insulation and to 
all other constructional considerations it is recom¬ 
mended that a more liberal factor of safety than that 
appropriate to lines of current transformers designed 
purdy for energizing meters, etc., should be worked 
to. In the event of a destructive acddent on a trans¬ 
mission system, the protective gear should obviously 
be the last portion of the plant to cease functioning. 
The use, for instance, of wound-primary current trans¬ 
formers for protective purposes is to be avoided, as 
this type is inherently more liable to damage on heavy 
short-circuits, both in regard to mechanical forces and 
destructive heating. 

In every case, therefore, transformers of the bar- 
primary pattern are to be preferred. A straight 
primary conductor through oppoate bushings is more 
dedrable than the form assodated with tank type 
transformers in which, although only one conductor 
may be employed, this is brought into the case through 
top bushings. With such a form of construction a 
partial loop in the primary drcuit is unavoidable. 

Within reasonable limits of dimensions and cost, an 
augmented secondary output^ desirable for the reasons 
already given, should be sought rather by increase in 
the size of the iron core than by adding to the number 
of turns. 

The reactive component of the primary impedance 
varies, at normal frequency, as the square of the primary 
turns and directly as tlie permeability of the magnetic 
o drcuit. A current transient of steep wave-front en¬ 
countering such a transformer will, however, set up 
across i^ terminals a local pressure-rise not necessarily 
in accordance with thjs above relation. Under such 
conditions one would expect the flux, set up in air 
paths by disturbances of this nature to bear a larger 
ratio to the total induction than would be the case at 
working frequency. If these aspects be considered, 
the advantages of a large core and single conductor as 
compared with an arrangement capable of equivalent 
sensitivity (so far as protection is concerned), and 
havijig less iron and more turns, will be self^vident. 


Protective Relays. 

General ,—In the protective schemes dealt with, 
which only require a relay of simple type, any desired 
form of relay may be employed. The attracted-arma- 
ture relay is one o:^, the most suitable, chiefly because, 
for given excitation, it can develop an operating force 
considerably greater than any other type of a.c. relay. 
Moreover* a relay of this form employs the minimum 
amount of movement and consequently is less likely 
to be affected by frictional effects than types involving 
greater displacement of the moving parts. It is possible, 
indeed, to design a relay on these lines without pivots, 
since the movement of the armature is confined to a 
few degrees of arc. 

Antisurge device .—In most instances it is a decided 
advantage that the speed of operation of the attracted- 
armature relay is probably greater than tliat of any 
other type. It is, however, sometimes desirable to 
render such a relay immune from operation due to 
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Fig. 16. —Attracted-armature relay with anti-surge device. 


sudden impulses not sustained for more than two or 
three periods. Loading the armaturedela}^ the tripping 
of the relay but does not prevent it operating on a 
transient, as the moving system acts like a ballistic 
pendulum and stores up the energy due to the sudden 
iiiipulse. 

Instead of increasing the mass of the armature a 
suspended weight may be added, as shown in Fig. 15. 
This weight hangs free of the armature but is displaced 
when the latter operates. , 

Only an operating current sustained for something of 
the order of 0«1 sec. will then trip the relay. If the 
impulse is of sliorter duration the armature will be 
observed to strike the weight a sharp blow and tp 
make no further movement. The Energy due to the 
transient is transmitted to the weight, the movement 
of which may be seen to persist after the operating 
current has ceased. 

Augmented contact pressure ,—In relays of a sensitive 
nature it is usual to employ some means of augmenting 
the contact pressure when the trip circuit has closed. 
This generally leads to a certain amount of complica¬ 
tion in the construction of the relay, but the desired 
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feature may be simply contrived on the lines indicated 
in Fig. 16. 

The magnetic circuit associated with the operating 
winding, it will be perceived, resides entirely in the 
upper section of the core and ariyature, as indicated 
by the chain-dotted lines. The contacting winding is 
wound up with the operating coils, but is connected 
in a different manner so that each limb of the core is 
excited in the same sense. This will result in a flux 
being set up by this winding, existing not only in the 
upper part of the core but also in the lower portion. 
This flux is shown by the broken lines. It will thus 
be seen that the provision of the contacting winding 
does not entail any further mechanical complication. 
It should be noted tliat the a.c. and d.c. windings must 
be mutually non-inductive, or the relay may vibrate 
S3nichronously. 

Resonant protective relay ,—Compared with d.c. pro- 



Fig. 16.—Simple attracted-armature relay with augmented 
contact pressure. 

tective relays it is particularly to be noted that the 
a.c. relay is at a disadvantage on account of its low 
power factor. In the d.c. relay the exciting ampere- 
turns are only limited by the available windiflg 
space. 

Oh the other hand, the a.c. relay is subject to the 
limitation imposed by the reactance of its windings. 
If any given relay be operated with alternating current 
.^d again with direct current, the volt-amperes being 
the same, the relay in the latter case will receive excita¬ 
tion several hundred per cent in exces^ of that possible 
where alternating current is used. Thus the force 
exerted by the relay when energized by direct current 
is correspondingly greater. 

This point of view suggests that it may be possible 
to bring about an increase in the operating force of an 
a,c. relay if means be provided to increase the power 
factor. This may be done by^ utilizing a resonating 
capacity connected across the relay terminals. Such a 
condenser, however, if suitable for a current-operated 
relay m i g ht be expected to be of very considerable 


dimensions, and a preferable arrangement is illustrated 
in Fig. 17, in which a secondary winding is provided, 
directly connected to the condenser, on the relay. The 
number of turns on this winding may be chosen so 
that a condenser of sm^ll bulk will fulfil the requisite 
conditions. If this condenser be built into the relay 
assembly no complications will be introduced so far as 
the installation of the gear is concerned, and, provided 
that the secondary pressure cannot exceed, say, 50 to 
100 volts, there is no reason why such an arrange¬ 
ment, which is only concerned with a few volt-amperes, 
should not prove reliable. 

Whilst it is realized that the addition of the extra 
complication might not be welcomed were the object 
the achievement of specially small fault settings, it is 
suggested that the possibility of the use, for any given 
sensitivity, of a larger and heavier relay.and*increased 
operating force may be worthy of consideration. It is 
found that without what may be described as “ close 
tuning,*' such that the operation might be affected to 
a serious extent by normal frequency variations, a 
reduction of 60 per cent or more may be achieved in 
the volt-amperes necessary to cause operation of a 
relay. 

For a given primary current, the protective trans¬ 
former is capable of providing a definite maximum 
output in volt-amperes. The latter is not affected by 



the power factor of the relay forming the secondary 
load. 

On the relay being called upon to clear a fault of 
such severity as may cause a considerable drop in 
the speed of the generating plant, ample tripping energy 
will be available even though the relay operate at the 
current value at which it would trip were it not 
resonated. Such a relay would also be less affected 
by any transient effects of the nature associated with 
steep wave-fronts or abnormal frequencies. 

Other Components of a Protective CiRcyir. 

The author has dealt at varying length, according 
to their novelty, with the relays, current transformers 
and biasing transformers comprising the apparatus 
present in protective circuits of the nature embraced 
by the present paper, and, as will be seen, very little 
further apparatus is required. There will, however, in 
certain instances be a few further items, of a general 
nature, but installed for purposes purely associgrted 
with the protective gear. The considerations relevant 
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to the design of protective transformers, relays, etc., 
discussed above, should evidently apply to an equivalent 
extent to such miscellaneous components as are required 
to complete or assist the operation of the protective 
gear. 

Obviously it is useless to expend great care on the 
design and installation of a protective system if there is 
the remotest possibility that the circuit breaker will 
fail to open when the tripping circuit is properly com¬ 
pleted by the relay, due to such causes as failure of 
the supply of tripping energy. Moreover, in some 
systems it is essential that certain auxiliary switches 
should be provided on the circuit breakers, and in 
such cases the proper operation of the protective gear 
is just as much dependent on these as on the relays. 
Accordingly they should be in no way less reliable. 
It does hot follow, for instance, that an auxiliary 
switch designed for operating a signal lamp is equally 
suitable for incorporating in a j^rotective circuit. 

Apart from questions of reliability and general 
robustness of design, it is usually necessary for auxiliary 
switches operating in protective circuits to open or 
close their contacts at a more definite instant in the 
stroke of the switch than is required of apparatus 
having a more general application. Where there is 
present, in a protective circuit in which provision is 
made for any form of core balance or leakage protec¬ 
tion, a three-phase auxiliary switch, the simultaneous 
operation of all phases will be a point requiring atten- 


Iteactance winding 



Control winding 


Fig. 18.—^Phantom auxiliary switch. 

tion, lest it be possible for transient leakage effects to 
be set up due to one contact being made before another, 
no real leakage component being present. 

Whilst it will no doubt be agreed that systems of 
protection not requiring auxiliary switching are to be 
preferred to schemes necessarily involving this feature, 
there are unquestionably certain occasions when, due 
J:o cost or to the impossibility of appl 3 dng the preferred 
arrangement, such devices must be adopted. 

For t^iese reasons it must be admitted, therefore, 
that the employment of automatic switching means, 
other than the conventional and necessary arrange¬ 
ments concerned with the operation of the circuit 
breakers, must constitute a definite addition to the 
attention necessary to maintain such a system in a 
state of efficiency. 

A further objection to the installation of such devices 
is often encountered in the presence, on the oil switches 
concerned, of auxiliary switches assodiated with other 


requirements, e.g. interlocking or signalling. Under 
such circumstances the provision of further contacts 
may be impossible or at any rate difficult and undesir¬ 
able. These restrictions have led the author to con¬ 
sider whether, whe^ no alternative to the installation 
of 'additional auxiliary contacts appears to present 
itself, some means may not be devised for reducing 
the number required or for simplifying the arrangement 
by applying the principles utilized for reducing the 
complication of the protective apparatus itself. W^licre 
the requirement to be met is simply to ensure that 
certain relays shall be inoperative in the event of corre¬ 
sponding switches being open, this may be achieved 
by an auxiliary direct-current restraint, operative 
from existing signal or other contacts. This would 
involve only the addition of extra elements in the 
biasing transformer, and two extra terminals. As all 
three relays in a three-phase arrangement would be 
controlled by the one d.c. circuit, some simplification 
would result. 

This, however, will not meet every case, because it 
is sometimes essential that, on the opening of an oil 
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Fig, 19.—^Typical protective circuit. 

switch, appropriate modification shall be made to the 
a.^. secondary circuit, idle current transformers and 
windings having to be short-circuited in order that 
they may not interfere with other portions of a circu¬ 
lating-current circuit. For such a purpose it would 
certainly appear that an actual switch contact forms 
the only possible solution. The author has, however, 
carried out experiments with a device intended to 
perform this function, and this has given very favourable 
results. 

Phantom auxiliary switch ,particular line of 
attack is suggested by considering a switch as an impe¬ 
dance capable of being varied, theoretically, between 
zero and infinity, and in practice over a suitable range. 
Investigation shows that in a secondary circuit excited 
by current transformers of conventional design, the 
correct relation of the equipotential points in a circu¬ 
lating circuit may be maintained, on a portion of the 
circuit becoming inoperative, if a device capable of 
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undergoing, at will, a change in impedance in the ratio 
of about 1: 250, is substituted for an actual auxiliary 
switch contact. 

As the permeability of magnetic steel is variable 
between limits of this order, according to the flux 
density at which it is operated, use may be made of 
this material in a reactance. 

If the secondary winding be omitted from the pair 
of ring cores shown in Fig. 1 (a), an arrangement as 
outlined in Fig. 18 results, the operating winding having 
an impedance varying with the induction in the core. 
The reactance curve of any ring core shows an increase 
of reactance with exciting current up to a certain 
sharply defined maximum, after which it becomes 
reduced, rapidly at first, but more slowly with further 
increase in current. 


. . - • 
previous maximum value, so that only negligible currents 

can flow through the parallel circuit. 

It is to be noted that here, as in the previously 
described scheme, all three phases may be controlled 
by one d.c. contact, whi^h may possibly be necessary 
for other purposes. In this case no additional aux¬ 
iliary switch will be called for. This arrangement 
ensures simultaneous operation on all phases, thus 
avoiding the effects in leakage circuits to which 
reference has been made. The control of a direct 
current of the necessary magnitude, not usually exceed^ 
ing 1 ampere, may quite possibly entail less severe 
service on the control contact than on a similar one 
liable on occasion to carry secondary currents corre¬ 
sponding to primary overloads or short-circuits. 

Again, the “ phantom switch ** device may be built 



Fig. 20.—^Application of phantom auxiliary switch to protective circuit. 


. The winding above referred to, which may more 
correctly be called the reactance winding, is placed in 
circuit in lieu of the switch contacts. If the turns 
and cross-section are so selected that under the maxi¬ 
mum voltage to which it can be subjected its reactance 
is still on the rising portion of the curve, and if the 
reactance is correctly, apportioned in ^relation to tlie 
circuits with which it is connected in parallel, it passes 
only an inappreciable current. The winding referred 
to in Fig. 1 as the restraining winding, which, it will 
be recalled, is not inductively related to the other 
winding, is capable of saturating both cores. In the 
event of its being necessary, in effect, to close the 
switch contact represented by the reactance winding, 
the saturating or control winding is excited by direct 
current. The impedance of the short-circuiting winding 
will immediately be reduced to about l/300th of its 

VoL. 62. 


into the biasing transformer case, and similarly com¬ 
pound-filled if desired. This results in a distinct 
simplification of the actual wiring. 

Complete protective systems or circuits in which the 
application of the biasing transformer is shown are 
given in Section 2, but the practical result of the use 
of this device may be illustrated in connection with 
another typical protective circuit.* • 

Fig. 19 shows a single-line schematic diagram of a 
method of parallel-feeder protection using differentially 
connected reverse-current relays. For the sake of 
clearness in this and the succeeding diagram, potential 
connections are not shown, the, current transformer 
secondary connections only being relevant to the 
matter under discussion. 

The actual wiring diagram involved on any one of 
* See Journal 1.EX,, 1020, vol. 5S ,p. 395. 
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the above feeders might be expected more or less to 
resemble that shown in Fig. 20, in which botii the 
use of ordinary auxiliary contacts and the corresponding 
arrangement with the alternative device are illustrated. 

Apart from the fewer contacts involved, it is possible 
in installations of considerable extent that the cost of 
the static device may be more than compensated by the 
saving in cable. "V^ere a number of lines are con¬ 
cerned, common control connections are evidently 
possible, according to the usual practice in regard to 
trip circuits, etc. 

Section 2. 

Protective Systems, 

General, —It is now proposed to describe in greater 
detail the application to various protective circuits of 
the apparatus dealt with in Section 1. 

In the case of each individual piece of apparatus, 
stress has . been laid on the desirability of maintaining 


Transformer protection, —^The protection of *trans- 
formers on the circulating-current system is carried 
out on very similar lines to the protection of a gene¬ 
rator. The effect of the magnetizing current, however, 
has to be reckoned with, mortf particularly at the 
instant of switching on, when, as is well known, a 
transient of considerable amplitude usually occurs. 

A very simple method of rendering the apparatus 
less sensitive during the switching period may be 
provided by the use of an auxiliary d.c. restraining 
feature as described in Section 1. 

Instead of a biasing transformer containing three 
cores as in Fig. 21, one having six units, as in Fig. 22, 
may be used. Under normal conditions the additional 
biasing cores, which are connected between the relay 
and the secondaries of the overload restraining units, 
act as a simple transformer, since the r<estraining 
windings are not energized. These are connected to 
the d.c. tripping supply through an auxiliary switch 
on the main circuit breaker. This switch completes 



the utmost simplicity in construction. Clearly the 
same considerations apply to an enhanced extent to 
the complete protective circuit. « 

In the systems to be described the author has more 
particularly had in mind the simplification of the instal¬ 
lation and maintenance of the gear. All connections 
involving phase relation and polarity axe permanently 
made, as far as possible, in the biasing transformer 
itself. The complete assembly of all the units required 
for the various functions of a three-phase circuit is 
referred to by the latter term. 

Typical practical wiring diagrams are given in 
certain instances, in addition to explanatory figures in 
order to indicate these characteristics. 

Generator protection, method of application of a 
biasing transformer to the protection of a single winding 
has ^eady been described with reference to Figs, 3 
and 4. The protection of generator windings will 
therefore be carried out on similar lines and is shown 
in Fig, 21, which is self-explanatory. 


the restraining circuit while the circuit breaker is 
operating. 

In the case of remotely operated breakers an aux¬ 
iliary contact on the control switch may serve the same 
purpose. This arrangement is shown in Fig. 22. 

Protective Systems for Single Feeders. 

The opposed-voUage system, —^This system of feeder 
protection has probably been more widely employed 
for the protection of single feeders, as such, than any'** 
other scheme. It has given excellent results^.within 
its sphere of utility, but difficulty is encountered in 
maintai n ing small fault settings on systems of large 
pl^t'capacity, both in regard to accurate balancing 
and to pilot-wire capacity. 

In order to avoid saturation of the transformers by 
noimal load currents, and with a view to overcoming 
balancing troubles due to differences in the iron, air- 
gap transformers have been found necessary. Eatly 
■types employing simple gaps gave rise to difficultly of 
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balance due to stray field effects, and ironclad designs 
having distributed gaps'have been the most successful. 
Only when very great care in design is directed 
towards perfect and permanent balancing may satis¬ 
factory results be obtained. 

The air-gap transformer, due to its inherently poor 
efficiency, is notably at a disadvantage in regard to sensi¬ 
tive fault .settings, and very sensitive relays must be 
employed where this type of transformer is used. The 
capacity-current difficulty may be almost entirely 
overcome at some considerable expense by the well- 
known Beard-Hunter screening sheath. 

The biasing transformer may be applied to an opposed- 
voltage circuit as in Fig. 23. Neither out-of-balance 
currents nor capacity currents are in evidence except 
under overload conditions when the restraining effect 
may also be arranged to be active. If sufficient restraint 
be provided to take charge of the maximum capacity 
current no very special accuracy of balance need be 
sought, as the former effect is likely to exceed the 
latter. 

Discrimination between earth faults and line faults .— 
Better results may, however, be achieved by improved 
arrangements, on the lines suggested by Mr. Wedmore, 
who has pointed out that the demand for sensitive 
fault settings is necessarily associated with the isolation 
of earth faults. As fault currents to earth are usually 
limited in magnitude by an earthing resistance, it is 
rather in regard to faults between lines that difficulties 
are encountered in securing immunity from operation 
on through currents. Mr. Wedmore, therefore, has 
proposed the use of a protective circuit responsive to 
earth faults and line faults separately. 

Such a scheme would provide sensitive earth-fault 
settings, which are only affected by ** through ** earth 
faults limited by the earthing resistance, and for line 
faulte less sensitive settings, which may be insufficiently 
sensitive to trip on ** through ” faults. No useful 
purpose is served by sensitive line-fault settings, 
because faults of this nature necessarily involve heavy 
currents. 

Mr. Wedmore's proposed arrangement is shown in 
Fig. 24, and it will be seen that the protective trans¬ 
former consists of two portions—a closed ring embracing 
all three primary conductors, and inside the ring a 
star-shaped member. 

Primary line currents will not cause saturation of 
the ring core. By the term ” line currents ” it is 
intended to convey that the vector resultant of the 
currents^ in all the phases is zero, i.e. no leakage com¬ 
ponent is present. 

^ On the occurrence of an earth fault fed through a 

. single transformer of this nature, there will immediately 
be a vector resultant other than zero, due to which the 
ring core will become magnetized. The star-shaped 
member, on the other hand, will become magnetized 
by line currents. As has been pointed out, no par- . 
iicular purpose is served by the provision of parti- * 
cularly sensitive line-fault settings, and, accordingly, 
“the Y-shaped core is built.of such a size that air-gaps 
^e presented between its extremities and the surround¬ 
ing ring. The ring core, therefore, will not become 
saturated under, normal-load conditions. The arrange¬ 


ment will afford a measure of protection comparable, so 
far as line faults are concerned, with the earlier air- 
gap types of opposed-voltage protective transformers. 
Owing to the closed ring core, however, a very much 
greater sensitivity in regard to protection from earth 
faults will be achieved without resorting to the use of 
a specially sensitive relay. 

By the provision of similar transformers at each 
end of the protected cable, connections for opposition 
of voltage being made by a pilot cable, discriminating 
protection as regards the circuit embraced may be 
obtained. In order, however, that there shall be no 
increase in the conventional number of pilot con¬ 
ductors, Mr. Wedmore arranges windings as shown in 
Fig. 24. So far there ^e two separate protective 
windings, and by connecting these to a common con- 



Fig. 24.—^Diagram of protective transformer for line- and 
earth-fault protection. 

dnctor it is possible for the complete scheme to func¬ 
tion when connected by a three-core pilot cable. It 
should be noted, however, that the line sensitivity 
will vary according to whether the line fault embraces 
both or one only of the wound limbs, this charac¬ 
teristic being inherent to this form of apparatus. 
Since, however, on the occurrence of a line fault heavy 
currents are immediately set up, the actual value of 
sensitivity is of small import. It will be seen that 
the earth relay in this scheme can only be affected by 
capacity currents flowing in the pilot cable to the 
extent of through ** earth faults, and these, due to 
the earthing resistance, will be of limited magnitude. 
The earth relay, however, will not receive m its operating 
winding any capacity currents set up by line faults. 
Moreover, since the ring core remains unmagnetized on 
the occurrence of line faults, it is clear that no very 
great balancing difficulty is likely to be encountered 
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so fax as tlie earth relay is concerned. As regards by requirements connected with phase separatiofL. It 
the line, relay, the question of balance is not of great is essential in the arrangement illustrated in Fig. 24, 


importance, as only relatively high fault settings are 
required. 

The author feels tliat the arrangement due to Mr. 
Wedmore is capable of notably better, results tlian any 


for instance, that all phases should be brought through 
one special transformer. A suggestion has been made 
tliat this transformer should be situated in a special 
form of trifurcating box*. Faults are not unknown, in 
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Fig. 25,—Evolution of protective circuit for line- and earth-fault protection. 


previous system of opposed-voltage feeder protection, 
this being more particularly due to the principle 
enunciated by Mr. Wedmore regarding discrimination 
between line faults and earth faults. 

• In a. number of the protective schemes wMch it 
is proposed to describe, use has been made of tliis 
principle. For the protection of feeders by a pilot- 
wire S 3 rstem, however, the author has been influenced 


joint boxes, however, and the author was directed by 
the British Thomson-Houston Co. to devise, if possible, 
means of providing tlie advantages inherent in Mr. 
Wedmore’s scheme, at the same time retaining con¬ 
ventional construction, so that current transformers 
of ordinary tjrpe could be used on the system. The 
evolution of this circuit through various stag<^s * is 
shown in Fig. 26. 
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Fi^, 25 (a) and 25 (6) are self-explanatory. In 
Fig. 25 (c) two transformers having double the ratio 
are substituted for the middle transformer in Fig. 25 (a). 
This gives rise to no change in the operating charac¬ 
teristics, nor does thS slight alteration indicative of the 
evolution of the scheme sho^m in Fig. 25 (d). 

In Fig. 25 (e) a further relay, which carries a current 
proportional to the load, is added. Under all condi¬ 
tions, not involving leakage, the secondary currents in 
leads X and Y "uill be equivalent. 

The other relay, as before, is responsive to leakage 
currents only. 

The hnal step is shown in Fig. 25 {/), which repre¬ 
sents a discriminating opposed-voltage circuit based on ‘ 
Fig, 25 (e). The points X and Y are now joined by a 
small resistance or reactance. If this were zero the 
conditions would revert to those of Fig. 25 (b) and the 
line-fault relay would be inoperative. An impedance, 
however, sufficient to provide a line-fault setting of a 
few hundred amperes is such as to allow under normal 


present characteristics similar to those of a symmetrical 
network of condensers, as shown in the diagram, except 
* that the capacity will be distributed. 

It is found that under all load- or line-ciin*ent effects, 
irrespective of whether the currents in the three phases 
are symmetrical, there will be set up at each end of 
the pilot cable a voltage between the outer pilot con¬ 
ductors, the centre line being at an equivalent potential 
displacement from each of the outer lines. The middle 
conductor, in effect, forms a mid-point, and only when 
leakage currents flow is this condition iip.sct. Consi¬ 
deration of the capacity network will show that capa¬ 
city cumnts due to through line faults will not be 
set up in the pilot conductor in which tlie earth-faidt 
relay is connected. These capacity currents arc confined 
to the outer conductors. Capacity currents in the 
earth relays can only be caused by " through ** earth 
faults, which in general are of limited magnitude. 

So far as construction is concerned, the apparatus 
presents features exactly in accordance with con- 



load conditions a free drcnlation of current between 
the cumnt transformers. Thus saturation due to load 
currents does not occm and transformers ha^g closed 
iron ma^etic orcrats may be used. Earth-fanlt 
currents, however, directly magnetize the transformer 
on ae phase affected. Thus the arrangementTSlv 
analogous to Mr. Wedmore’s scheL. so fi as 
operatiem m regard to faults is concerned. It is capable 

line;fanlt and earth-fault trips 
the latter hmng more sensitive than the former ^ 
Due to the possibUity of using ring-type trans 

“®‘=®®®ary. as in other opp^-volteire 
y ems, to ranploy exceptionally sensitive relays fn 
order to get good fault settings. Moreover it nS 

<iiagrams. should be used. 

Three transformers, all exactly like 

installed on the outer phSL.^ ^ ^ 

This arrangement is shovm in Fie* -nri,; % -j: 

2ni?® currents ^nnSV^^oSh” 

fault conditions. The pilot cable will be expect3 to i 


vcunonai cuwent-transformer design, the t»-o cores 
being assembled together on a sinvl(> 
later, and only differing porcelam insu- 

tranofr.^...; ^ oinenng from an ordinary current 
fransformer m appearance, due to the fact 4at there 

Si 

up to the actual oil siiteh Sfr f 

to place a protective transfon^J 
■i-his S3rstem will be inferior .t. 
shown.in Fig. u in one ??s?ecJ 0^5- 
question of current-transfnrmF k i namely the 
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carry current due to out-of-balance and to capacity. 
It should therefore be subject to overload restraint 
under these conditions. The earth-fault relay may 
suffer from bad balan<4ng under the same circum¬ 
stances and should receive a similar restraint. It will 
also receive capacity current on i " through ** earth 
fault, and accordingly should be restrained against 
such conditions. 

The reactance shown in Fig. 26 (/) carries a current 
proportional to the “ through ” line current, and may 
therefore be replaced by the line-fault restraining 
windings. No P.D. will exist between the mid-point 
of the above restraining windings and the middle pilot 
conductor under any condition of " through line 
current. A winding connected between this mid-point 
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Fig. 27.—^Diagram of opposed-voltage circuit with biasing 
transformers. 


earth fault may, if desired, be arranged to become 
effective on small through ” earth faults, since the 
existence of the same is an abnormality. In the case 
of cables operating at pressures greater than about 
11000 volts the following effect# may be of impor¬ 
tance. The normal charging current of a cable, 
being the difference between input and output current, 
appears in the protective circuit as a fault current, 
and will not affect the earth relay, as it will contain 
no earth or leakage component. This capacity current 
in the primary conductors must not, however, be over¬ 
looked in regard to earth faults. If the cable protected 
be of considerable length there may be a charging cur¬ 
rent appearing as an earth fault due to the disturbance 



and the pilot conductor will receive current only when 
an epth-fault current is present in the primary circuit. 
The restraining winding on the earth-fault relay which 
is to be operative on ** through eaSidi faults should 
evidently be thus ccmnected. 

In the complete scheme, therefore, which is illus¬ 
trated in Fig. 27, the earth-fault restraining winding 
is connected between the neutral pilot conductor and 
the mid-point of the line-fault restr a i nin g windings, 
which are accordingly arranged so as to permit tins. 
Both the line-fault restraining windings will have air- 
gap characteristics, as their effect is required o^y 
under heavy-current conditions. The restraint applied 
to the earth relay on the occasion of a " through ” 


of pressure distribution on the power system. The 
wiring diagram is shown in Fig. 28. 

As indicated above, the system described is specially^ 
adapted to give advantageous operation on power 
systems in which the maximum posable current that 
may flow to eauth is deflnitdy limited, and where th 
design is carried out with this application in view it 
is found possible, using bar-primary current trans¬ 
formers, to. provide fault settings of between 25 and 
50 amperes on faults to earth, using a plain relay 
capable of operating at 0*5 volt-ampere. 

The principle which has been adopted, namely, that 
of discriminating between line and earth faults, and 
of assuming the latter to be of limited magnitude, has 
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been^ritidzed on the grounds that it is not applicable in 
certain instances. It may be demonstrated that in the 
event of two simultaneous earth faults occurring on 
different parts of the network, and not on the same 
phase, a fault between lines that is not limited by the 
neutral earthing resistance" will result. It is not 
impossible for this to be fed through two different 
feeders in such a manner that the current will appear 
in each as a ** through ** earth fault of the magnitude 
actually attained by the between-phase short-drcuit 
which, in fact, exists. Tests on the gear, however, 
indicate that in a large number of practical cases 
the fault settings given above may be maintained 
vdth satisfactory results, even if this somewhat excep¬ 
tional condition be envisaged. 

Circulating-current feeder protection.—This systW is 
an extension of the methods which have been described 
in connection with the protection of generators and 
transformers on the circulating-current system. It 


would be needed. These, however, make the system 
too expensive. 

The connections will, therefore, be made in accordance 
with Fig. 29. It will be seen that whilst the occur¬ 
rence of a fault on the length of cable embraced by 
the protective cirduit will evidently cause the relays 
to trip, currents of sufl&dent magnitude fed through 
the system will set up out-of-balance currents in the 
operating windings due to the pilot-wire resistance. 
To the extent, therefore, that these further effects 
exceed transformer unbalance they must be regarded 
as additional discrepancies necessitating biased charac¬ 
teristics, and it is due to these considerations that 
the present system of feeder protection has been found 
to be useful only where such features have been 
provided. The arrangement in Fig. 29 may easily be 
rendered immune from incorrect operation by the 
provision of suitably designed biasing transformers. 

Whilst the above arrangement will function correctly 



_Protected circuit 

Fig. 29.—Circulating-current feeder protection. 


differs from these schemes in the arrangement of its 
circuits, on account of the additional difficulties inci¬ 
dental to the greater lengths of pilot line connecting 
the protective transformers. These diffculties are 
entirely associated with the fact that a pilot cable 
used in conjunction with a feeder protective system 
^may be expected to have a resistance very considerably 
in excess of the figure which might be met with in 
systems of protection having, no secondary connections' 
extending outside the station in which the protected 
plant is installed. Moreover, it will always be possible, 
in a small circulating-current circuit conffned to one 
stetion, to make precisely equipotential points acces¬ 
sible for the connection of operating windings, etc. In 
the arrangement essential to a feeder protective scheme 
these equipotential points will be found at opposite ends 
of 'the line, and, for both operating "windings .to be con¬ 
nected between these points, additional pilot conductors 


under all conditions, it may be improved by a slight 
departure from the simple form shown. The altera¬ 
tions, as detailed below, will be more readily appre¬ 
ciated if consideration be directed toward certain con¬ 
ditions associated with the use of biased circuits in 
general. 

Having, at some length, described the various ways 
in which a biasing^ action may be simply achieved, and 
restraining effects of very considerable magnitude 
provided, by the biasing transformer, the author wishes 
to deprecate any impression which may have been 
created to the effect that a complete remedy for out- 
of-balance effects of any extent resides in the biasing 
principle, and that there is no object in making any 
attempt to provide transformers or circuits, which, 
balance to a reasonable economical extent. 

It should be noted that an out-of-balance effect due to 
any cause would be expected to produce in the opera1±tig 
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windings of any differential protective circuit, currents 
proportional to the transmitted load, when the feeder 
or plant protected is sound. If the balance be so bad 
that these currents reach an appreciable magnitude 
under normal conditions of load *it will be obvious 
that, should the gear be called upon to clear a fault 
under such circumstances, the sensitivity will be aug¬ 
mented or decreased according to the relative direction 
of the respective currents. Clearly, therefore, unlimited 
imperfection of balance might be very detrimental to 
the proper functioning of differential protective gear, 
feven though the biasing effect may be sufficient to 
prevent the relays being tripped by the heaviest of 

tlirough '' faults. 

It will have been noticed in the arrangement shown 
in Fig. 29 that the unbalancing due to resistance is 
proportional to the transmitted load, whereas it has 
been pointed out that the troubles associated with 
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The circulating-current feeder system described has 
not yet been commercially developed, but the author 
believes it to be capable of very good performance. 
Split-conductor protection. —^Tlie^balancing difficulties 



Fig. 31.—Application of biasing transformer to 
split-conductor circuit. 
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Fig. 30.—Improved form of circulating-current feeder 
protection. 


transformers are not usually in evidence until very 
considerable overload currents are attained. 

Whilst it is considered that the above scheme Is . 
capable of entirely satisfactory results in cases where 
the relation of the pilot cable resistance to that of the 
secondary turns, etc., is not exceptional, it is possible 
to utilize the arrangement shown in Fig. 30. In this 
the resistance effect may be balanced out, the biasing 
action being accordingly arranged to correspond to 
the usual extent of unbalancing wiiere transformer 
effects only need to be taken into account. 

It should be npted that it is not necessary to take 
any special measure to obtain exactly correct duplicate 
resistances. I^ovided that these are approximately 
^as required, no special adjustments, after installation 
for instance, should be entailed. If the balancing 
effect of the duplicate resistance be sufficiently close 
to avoid, at overloads of no great magni^de, the trouble 
described, the biasing action will preclude any incorrect 
operation due to more severe "through ** faults. 


associated with this system are mainly connected with 
cable jointing so as to obtain exactly equal impedance 
in both splits. When the reactance type of protective 
transformer is used, exceptional balance, both of the 



Fig. 32.—Self-biasing split-conductor transformer. 

cable and of the transformer itself, is necess^y. All 
the diagrams are applicable to both simple and reactance 
forms, but the former is illustrated. 

An obvious method of providing a biased form of 
split-conductor protection is shown, in Fijg. 31. This 
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is of interest in that existing gear might be modified 
very simply on these lines should tliis be found 
desirable. 

The biasing feature, however, may be incorporated 
in the split-conductor transformer as shown in Fig. 32. 
The external connections would then be similar to the 
ordinary arrangement having no biasing action (see 
Fig, 33). 

If Fig. 32 be compared with Fig. 1 ( 4 :) it will be seen 
that equivalent currents in the two splits produce 
excitation corresponding to a restraining winding, 
whereas difference currents function as an operating 
winding and energize the relay. 

An even better scheme, particularly suitable for 
e.h.t. application, is shown in Fig. 34. Ring-type 
cores are used throughout, as these are the kind most 
easily insulated for high pressures. A simple differential 



May 


Fig. 33,—Wiring diagram of split-conductor system. . 

core only excited by a fault current, exactly as in the 
ordinary arrangement, is here used. The secondary of 
this core excites the relay through the medium of a 
biasing transformer of the type consisting of a pair of 
rinp, as illustrated in Fig. 1 {a). The operating exci¬ 
tation sets up fluxes in- the rings in opposite directions, 
while file primary windings passing through the biasing 
cores magnetize them in the same sense. Thus they 
have no inductive effect on the relay, and on heavy 
overloads they will act as restraining windings. 
Fig. 35 shows how such a transformer might be con¬ 
structed, the biasing cores being arranged on each side 
of the differential core. The ring-core scheme does 
not lend itself to the provision of an air-gap to reduce 
the restraint under normal load conditions. This 
characteristic is hardly necessary in split-conductor 


work, as no very great extent of maximum restraint 
is required, and such proportion of tliis as may be 
present on normal load will not seriously affect the 
sensitivity. The air-gap effect may be obtained, how¬ 
ever, if required, ^as follows : A further winding is 
provided on both the biasing cores, the two forming 
a closed circuit. This is not inductively related to ‘ 
the operating or secondary windings but is wound so 
as to receive current induced by the primary or 
restraining current. It may be arranged to have such 
a resistance as will prevent saturation of the cores at 
light loads but permit of this when the through ** 
current is of greater magnitude. This winding could 
be used to operate an overload relay. 

Parallel-Feeder Protective Systems, 

Gen&raL —^Purely differential systems of parallel- 
feeder protection are entirely dependent for their 



Fig. 34.—Diagram of self-biasing split-conductor transformer 
witli ring cores. 

functioning on the installation of a number of feeders 
operating in parallel under all circumstances. 

In comparison with the split-conductor system these 
arrangements present the advantage that if there is a 
fault on one lin^ the supply may be maintained through 
the remaining feeder or feeders. 

The protective relays on sound lines must be immune 
from disturbance due, first, to faults .on other portions 
of the power system, and secondly, to a breakdown 
on one of the lines in the group protected. Overload 
restraint will be desirable on the former, whilst the 
latter condition will be met by arrangements of biasing 
transformers operating on the discriminating or direc¬ 
tional principle. The particular problems met with in 
systems of the present form are due to the use of two 
separate protective„ circuits at each end of the lines. 
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These give rise to two conditions under which the 
apparatus must discriminate correctly: first, when 
both ends are completely closed up, and secondly, 
when one end of the faulty line has opened. In the 
latter instance the transmitted load will cease to be 
divided correctly among the parallel feeders. The 
circumstances are such that either end may open first, 
depending on the location of the fault. 


these lines, however, is open at the other end and, 
unless this circumstance be allowed for, incorrect opera¬ 
tion on faults and needless disturbance under healthy 
conditions may result. 

Balanced-current system .—^This system operates in 
accordance with the principles described in relation to 
Figs. 8 and 9, and in its simplest form would consist 
of a three-phase circuit, as shown in these figures. 


differential 

\core 



''Biasing 

cores 


Fig. 35.——Construction of self-biasing ring-core split-conductor transformer. 


To other 
phases 



It is evident that the protective circuit may be auto¬ 
matically modified by auxiliary switches at the end 
where the line is not closed up. It is the conditions 
obtaining at the remote end which must be examined 
if such protective gear is to be immune firom disturbance 
due to switching operations involved by the normal 
functioning of the supply system. Here the protective 
circuit will be completely disposed for discriminating 
between parallel lines completely ^closed up. One of 


If,a fault causes one feeder smtch to open, the complete 
apparatus appropriate to both lines is automatically 
rendered inoperative. Clearly no discriminating func¬ 
tion can be provided when only one cable remains in 
circuit, and if no change be made to the protective 
circuit when one line is open, the second line will trip 
when the current carried by it is equivalent to t}ie 
fault setting of the protective gear. Various methods 
are available by which this end may be attained, an 
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obvious solution involving triple-pole auxiliary switches 
adapted to short-circuit the operating windings. 

Two preferable arrangements will now be described. 
If it is desired to cut out entirely the discriminating 
gear, and to rely on such stfuid-by overload or other 
apparatus as may exist, then both relays may be sub¬ 
ject to a direct-current restraint if one feeder is tripped. 
This necessitates only a single-pole auxiliary switch for 
each three-phase line. The extent of this restraint 
would be such that no possible value of current could 
effect tripping. 

In certain instances, however, no additional pro¬ 
tective means may be present, and it may be an added 
advantage to provide for a measure of protection 


transformer circuits or in relay connections, with the 
exception of the conventional practice of opening the 
trip^ng circuit on the circuit breaker instead of at 

the relay contacts. i , 

The simple thr^e-phase circuit lutheito <lcscnbed, 
whilst it. is capable of entirely satisfactory and correct 
operation within its sphere of application, is subject to 
certain restrictions. If these be now indicated the 
advantages of the improved arrangement will be more 
clearly understood. 

Operating conditions of balanced-ciirrcnt gvai\ —It has 
been shown that if one’feeder be opeiietl there will be 
a tendency for the remaining line to he automatically 
tripped unless means of the nature (lescril)ed he applied 
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Fig. 37. Balanced-current circuit with stand-by protection for single line. 


(not, of course, of a discriminating nature) by the 
balanced-current gear. Such an arrangement is given 
in Fig. 36. On either feeder coming out of service a 
restr^t is applied to the rela 3 rs associated with the 
remaining line. The magnitude of this restraint can 
be controlled by a resistance, or designed for a con¬ 
stant value, such that a hea'vy overload or short- 
circuit will operate the relay. As an alternative, fuses, 
or other time-lag devices can be connected in parallel 
Witt the operating windings in series with phantom 
smtehes so that the overload protection pro-wded on 
tte smgle remaining line shall not be instantaneous, 
ms scheine is shown in Fig. 37. Attention is par¬ 
ticularly directed to tte fact that in both tte latter 
arrangements no switching is c^ed out in current-; 


m order to preclude the possibility of .such action. 
U^ly this must occur with apparatus devised for 
trippmg the line carrying the greater current, .since 
one feeder will carry tlie total Iransinitted load whereas 
tte current in the other will be zero. 

The inconvenience of this eifect may perhaps bo 
more evident if it be pointed out that when a double 
quipped as above Ls carrying normal load, the 
ve ent opening of a switch at the far end may 
caiwe c^plete interruption of the supply unless the 
ir.a /1 be. definitely in excess of the maximum 

“If lines. Unless 
latter condition he complied with it will be found 
“o* “Illy wiU incorrect operation be 
possiwe on the occurrence of faults of an order of 
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magnitude comparable with load current, but that 
tripping of the protective gear will take place if the 
switchgear be operated by hand, according to the 
normal exigencies of service. Consider an earth fault 
occurring on a feeder in such a position that initial 
operation occurs at the end remote from that at which 
the gear in question is installed. If the pair of lines 
be carrying currents of the order of their rated load, 
the sound feeder may be overloaded when the switch 
at the far end opens. Evidently the faulty line can 
only be cleared when the earth fault exceeds in magni¬ 
tude the current in the sound cable, and moreover, if 
the resistance of the fault be such as»appreciably to 
limit the current, the sound line may come out, thus 
resulting in a complete shut-down. 


difficulties may be entirely obviated in a simple manner 
by designing the apparatus on the lines already indi¬ 
cated in connection with the opposed-voltage circuit, 
earth faults and line faults being dealt with separately. 

Very successful results have beeif realized by paraUel- 
feeder S 3 rstems operated on the balanced-leakage prin¬ 
ciple, the method of application of the biasing trans¬ 
former to such schemes being seen in Fig. 9. In 
forms of this system requiring transformers which 
entirely surround the three cores of a cable, the con¬ 
nections would, in fact, be practically identical with 
those in this diagram. 

Where ordinary current transformers are used the 
arrangement, which possesses the following properties, 
is as in Fig. 38. Only currents of which the vectorial 



With regard to the latter point, it is impracticable 
to close up the feeders at all under conditions involving 
appreciable load, except in special sequence or unless 
the protective gear be first rendered inoperative by 
hand switches or other means. The normal connec¬ 
tions can only be restored when all switches have been 
duly closed. ^ • 

It is felt that protective gear in general cannot be 
recommended if it in any way adds to the switching 
operations involved in normal service, or if restrictions 
are introduced by its use. Moreover, the use of such 
hand switches is further to be deprecated on account 
of the possibility of closing a switch on to a f^ult. 

The arrangements above described should, therefore, 
be limited to insulated systems or to those on.which 
the neutral is solidly earthed. 

Improved form of balanced-current circuit ,—^The above 


resultant is other than zero will excite any of the 
biasing transformer windings. All load or other cur¬ 
rents not of this nature will circulate in the current 
transformer secondaries only. If either feeder carry 
an earth or leakage current greater than that in the 
other, a corresponding difference current will appear 
in the operating windings of the biasing transformers, 
and tripping will occur on the relay corresponding to 
the feeder carrying the greater leakage current,' as 
indicated in Fig. 9. In the event of an earth fault 
being present on some portion of the supply sj^tem 
beyond the protected feeders, this will appear in equal 
proportion in both of the lines and will accordingly 
give rise to a circulating current in the restraining 
windings. Thus, even though the fault is not exactly 
equally shared, due to variations in feeder impedance, 
the rdays cannot trip. 
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Fig. 38 shows the simplest possible form of this 
OTangement, while Fig. 39 shows an improved scheme 
capable of superior results. By providing an overload 
restraint in this manner it is possible to get even more 


additional protection is obtained against all forms of 
line fault. The complete circuit is indicated-in Fig. 40, 
and it will be noticed that the connections providing 
protection from line faults correspond to those in 



sensitive operation, complete general immunity being 
at the same time provided. By the provision of a 
small current transformer, together with a further 
discriminating biasing transform^ energized from this, 


Fig. 9 if the secondary of. the transformer, which is 
excited by such faults in Fig, 40, be considered to 
represent the current-transformer windings in Fig* 9. 
The following characteristics will be associated 
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with the final arrangement according to Fig. 40. 
(1) “ Throughearth currents will set up a circu¬ 
lating current which will appear only in the restrain¬ 
ing winding of the leakage discriminating biasing 
tr^sformers. (2) ** Through ** line faults or overloads 
will excite the leakage overload restraining windings 


In this diagram no provision is made for* utilizing the 
apparatus for any further measures of protection in con¬ 
nection with the operation of a single feeder. On one line 
coming out of service the protective gear is rendered 
inoperative by short-circuiting the^ine-operating wind¬ 
ing and opening the leakage-operating winding by 




Fig. 42.—Wiring diagram of balanced-current s 3 rstem with stand-by protection for single line. 


and also the restraining windings on the line-fault 
biasing transformer. (3) Earth faults on either feeder 
will operate the leakage relay on the defective line 
and will restrain that on the sound circuit. ^ In a 
corresponding maimer line faults will effect correct 
operation of the line-fault relays. 

Fig. 41 shows the actual wiring diagram involved. 
It will be seen that no notable complications are added. 


means of auxiliary switches. Evidently it is possible 
to avoid all contacts in the transformer and relay 
circuits by an arrangement similar to that given in 
Fig. 36, 

Again, a scheme analogous to that shown in Fig. 37 
ma.y be provided. This scheme is given in Fig. 42. 
The remaining single line is, according to this arrange¬ 
ment, automatically protected from sustained short- 
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circuits or earths on any portion of the supply system 
to which it transmits energy. It is to be noted that 
should the leakage fuse be removed by hand subse¬ 
quent to single-line operation having occurred, in¬ 
stantaneous leakage'* protection is achieved. Similar 
arrangements may be made for protecting multiple 
feeders. 

Where the above systems of protection are applicable 
it is found that, using bar-primary current transformers 
of ordinary design and not exceeding 400 ampere- 
turns, operation of the protective gear may be effected 
on current differences equal to 20 per cent of the 
normal rating. In the case of earth faults, these 
figures may obviously be improved upon by the employ¬ 
ment of special transformers. The corresponding figure 
in regard to line faults is recommended to be in the 
neighbourhood of 200 per cent of full load, but the 


to operate with but two lines in service, the employ¬ 
ment of such gear is not restricted to the double¬ 
feeder case only- 

The method of application of the biasing transformer 
may perhaps be more clearly indicated in relation to 
the more usual caSe of the protection of the receiving 
end of two parallel lines. The general conditions of 
operation of parallel feeders, as regards freedom from 
interference with normal functioning of the siq^ply 
system, have been discussed above in connection with 
the balanced-current system. It has been shown that 
unless fault settings exceeding normal load ciin-ents be 
employed, the presence of the latter will cause iinnc- 
cessary tripping of the protective gear under certain 
circumstances due to operation of the swilchgetir. 
These etfects are less inconvenient when occurring on 
apparatus concerned with the protection of the receiving 



apparatus may be provided or adjusted over a wide 
range in this respect. 

It is particularly desired to direct attention toward 
the fact that, with the settings referred to, the presence 
of the apparatus may be entirely disregarded from 
the point of view of normal operation of the supply 
system, to exactly the same extent as obtains with 
pilot-wire systems for single lines. 

Balanced-power system, 

Operjiting conditions .—^This system must be employed 
in any circumstances where, amongst a group of 
parallel feeders differentially protected, the occurrence 
of a fault cannot be depended upon to set up an 
excess cuirent in the faulty line. These conditions 
are peculiarly associated with the receiving ends- of 
parallel lines and they arise more particularly in con¬ 
nection with double feeders. Since,- however, in the 
majority of instances in which three or more circuits 
are involved, it may be necessary from time to time- 


ends of parallel lines. The rea.son is that when switches 
are operated at the remote end the resultant unbalancing 
Qf the load currents is more likely to trip the line 
already opened than to cause interruption of the supply 
after the manner described in regard to the protection 
of generating ends. The use of fault settings of less 
than normal load, however, will prevent the feeders 
from being closed up except in the conventional order 
and may give rise to other troublesome effects, Under 
any conditions oflf emergency or abnormal working, petty 
mndrances in re-establishing supply, etc., are inclined 
to present exag'gerated disadvantages. 

It has been shown how such difficulties may be 
avoided by tlie separate treatment of line and earth 
faults, and it is now proposed to describe means of- 
ca^^igg into effect the same principle in connection 
wi^ directionally functioning apparatus. 

a simple differential arrangement 
^e on hig. 11 . yriii operating 

win mgs of each biasing transformer excited from 
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current-transformer secondaries are connected between 
equipotential points in a circulating-current system 
according to the usual practice. In such an arrange¬ 
ment no current will be found in these operating wind¬ 
ings unless a difference in magnitude or phase exists 
between the currents in the parallel conductors. If 
there is such a difference, due to a fault on one of 
•the lines, one or other of the relays would be operated 
by the combined effect of the current and potential 
biasing transformers. 

It may be stated generally that the operation of 
such differential directional circuits, whether installed 
at receiving or generating ends, wiU be somewhat as 
follows: The faulty feeder will be that which is 


Moreover, it was pointed out that the arrang&ient 
depicted in Fig. 13 possessed certain advantages when 
operating in conjunction with currents of low power 
factor. In the same figure a displacement transforma¬ 
tion possessing no restraining element was shown, but it 
was mentioned that it might be expected to be present in 
practical applications of the device. This is illustrated 
by the present example in which overload restraint is 
applied to this second transformation, the resulting 
diagram being shown in Fig. 44. Under conditions 
involving heavy through ” currents correspondingly 
greater secondary currents will flow in the circulating- 
current circuit in which the overload restraining wind¬ 
ings are connected, and the apparatus will thus be 
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Fig. 44.—Balanced-power circuit compounded by current. 


receiving the largest amount of power flowing fron; 
the busbars into the feeders. Thus a faulty feeder will 
carry the greater current at tlie generating end but 
may carry the lesser current at a receiving end. The 
faulty feeder would be carrying a forward difference of 
power at a generating end and a reverse difference at 
a receiving end. 

Such a protective circuit would, however, under all 
conditions operate , at a fixed value of fault current 
and, having regard to the principles discussed in 
Section 1 and tlie systems of protection already 
described, it is doubtless superfluous to recapitulate 
the arguments in favour of biased circuits, i.e. those in 
which an overload restraint of such magnitude as will 
ensure adequate immunity from operation on liieavy 
through faults is introduced, there being present the 
usual unbalancing in primary conductors and current 
transformers under such circumstances. 

VOL. 62. 


rendered less sensitive to any unbalancing effects that 
may be set up. 

The diagram differs in arrangement from Fig. 43 
in certain other features, including a certain simplifi¬ 
cation in the connections. For instance, instead of 
the two operating windings excited differentially by the 
current transformers one only is necessary. Moreover, 
it is found possible to dispense with one of the potential 
biasing transformers, the necessary excitation from 
this source being provided by a single unit. Although, 
for reasons of detail, the connections in this respect 
are not entirely in accordance with those indicated in 
Fig. 13, their effect and function are identical. It 
is in general desirable to reduce to a minimum the 
energy output from potential transformers, and by the 
use of one biasing transformer unit only, excited from 
this source, the volt-ampere consumption is exactly 
halved. 


39 
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A" further characteristic of utility, however, may be 
provided by the circuit indicated in Fig. 44. This 
may, perhaps, be more easily explained if attention is 
once more directed to the operating conditions peculiar 
to directional systems. It lias been pointed out that 
the special circumstance rendering essential the pro¬ 
vision of such gear, rather than apparatus operative 
by current alone, is the protection of two incoming 
feeders. It will be seen that the portion of the fault 
current which affects the protective apparatus con¬ 
cerned will be present in both sound and defective 
feeders. Load currents, therefore, being for the moment 
neglected, the current transformers will be excited by 
currents equal in magnitude, though the power repre¬ 
sented by these currents will be opposite in direction. 
It is thus evident why current-balancing apparatus will 
be inapplicable in this instance, and if the effects of 
load current are now considered it will be realized that 
it is possible under certain conditions for the sound 
feeder to be carrying the heavier current. 

If this particular circumstance be examined in 
regard to Fig. 44, it will be noticed that under the 
conditions specified, i.e. when a fault is being fed from 
the generating station through the substation bus¬ 
bars, neglecting load current there will be present in 
the two overload restraining windings equivalent 
currents equal to exactly one-half of that flowing in the 
operating winding due to the fault. In order to obtain 
correct directional operation it is evident that the. 
relation between the current in the differential operating 
winding and that in both of the Tela.ys should be 
precisely in accordance with Fig. 12 (a), potential 
excitation being for the moment disregarded. The 
apparatus, therefore, is designed so that this result -is 
achieved with the specified flow of current. 

Whilst it has been pointed out that tliis arrangement 
is particularly associated with double feeders at their 
receiving ends, such apparatus may be installed at both 
ends where the normal flow of power may be in either 
direction. Under other conditions the occurrence of 
faults may sometimes set up such a flow of current 
that balanced-current gear would correctly discrimi¬ 
nate. That is to say, there .will be in the defective 
feeder a current greater than that in any adjacent 
circuits. 

Another condition relevant to the point under dis¬ 
cussion is the existence in a receiving substation pro¬ 
tected in tins manner, of live loads, e.g. rotary 
converters, motor-generators, etc. It has been stated 
that where a fault is fed ihrough a substation con¬ 
taining no source of generating plant as such, the 
currents in the sound and faulty feeders may be equiva¬ 
lent in magnitude. It often happens, however, that 
when at sudden short-circuit occurs transient balanced- 
current conditions may exist due to the momentum 
of rotating machinery; in other words, it is possible 
that the substation plant may feed into a fault 
immediately it occurs. 

It is generally felt that of all the various methods 
of protection available, potential-operated arrange¬ 
ments are the least reliable. It is thought, therefore, 
that desirable features may be provided in apparatus 
of this nature if advantage be taken of the occur¬ 


rence of such circumstances as have just been re¬ 
ferred to. 

In the circuit shown in Fig. 44 it is found possible 
to arrange that the apparatus functions correctly in a 
purely directional manner in conjunction with potential 
excitation when *this is necessary, and that when 
balanced-current conditions obtain, i.e. when the faulty 
feeder is, in fact, carrying a greater current than any 
other, the operation of the protective gear may thereby 
be assisted and rendered more certain. The apparatus 
is accordingly designed so that the relay current, as 
in Fig. 12 (a), is produced by a flow of current 
corresponding to the direct effect of a fault flowing 
into and out of the substation bars, such current-flow 
exciting the gear in question. 

In Fig. 46 curves resembling Fig. 12(a) are again 
shown. Curve (&) in Fig. 45 is, in fact, identical with 
that shown in Fig. 12 (a). 

If consideration be now given to the flow of current 
in the operating and restraining windings occurring 
when the conditions are such that tlie current in one 



Fig. 46.—Characteristic curves of biasing transformer 
compound directional operation. 


feeder is very much greater than that in another, it 
will be seen that, in regard to the relay associated 
with the feeder carrying the heaviest current, there 
would be a restraining current less tlaan one-half the 
operating current. On the sound feeder, however, 
the restraining current would exceed one-half tlie 
operating current. Curve (a) in Fig. 46 indicates the 
excitation produced by the former circumstances, and 
curve (c) refers to the latter. As in Fig. 12, tiie effect 
of potential is not referred to. 

The effect of this arrangement on the operation of 
the relays is follows:— 

It has been explained in Section 1 and in regard to 
Hg. 10 or 14 that relay excitation, according to curve 
(a) in Fig. 12 [that is, curve (6) in Fig. 46] causes 
of the relay oyer approximately ISO® of phase 
relation, the relay being inoperative throughout the 
remainder. It will therefore be seen tliat if tlie relay 
current be increased, as shown in Fig. 45 [curve (a)], 
the relay will be operative over a greater angular range. 
In fact, it is found that in the event of complete 
extinction of voltage, tripping of the relay will still 
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occur on a very severe fault, due to the curv inter¬ 
secting the line corresponding to the relay tripping 
current. 

On the other hand, in the case of a healthy feeder 
the excitation of the relay due to current is so reduced, 
according to Fig. 45 (c), that the relsty is operative over 
a smaller angular extent than 180®. Moreover, if the 
fault is sufficiently severe it will be impossible for the 
sound relay to trip, no matter what the phase relation 
between current and potential may be. 

Thus in the case of a rotary substation fed by a 
double feeder, the effect of a sudden surge of power 
due to the mass of the rotary armatures feeding a 
fault on one of the feeders would increase the tendency 
of the faulty relay to trip and would help to keep 
the healthy feeder immune. 

In Fig, 46 the complete wiring diagram appropriate 
to the protection of a double feeder on the above lines 


feeders concerned are subjected to heavy overloaSs or 
line faults. It has hitherto not been found possible to 
aichieve this result on a commercial scale. 

Means of providing for a flow of current in th 
secondary circuits of a protective system directly du 
to leakage faults are well known, but, in order to 
discriminate in accordance with the direction of the 
leakage fault, this must necessarily be referred to the 
potential associated with the phase on which the fault 
occurs. Previous methods have arranged for this by 
connecting the potential elements of the relays 
between an artificial or other neutral point in the 
supply system and earth. 

Normally there will be no potential between these two 
points, but on the occurrence of an earth fault a potential 
difference of a value depending on which of the phases 
has suffered the fault will exist. Objections have, 
however, been raised to the additional potential con- 



Fig. 46.—Wiring diagram of balanced-power system. 


is shown. This arrangement is equally applicable to 
the protection of a double interconnector. It will, 
however, be necessary to provide auxiliary switches, 
and it will further be essential that the fault settings 
employed shall exceed normal load currents for pre¬ 
cisely such reasons as have been fully explained in 
regard to the protection of generating ends of feeders. 

Improved form of balanced-power circuit ,—^The evident 
advantages which accrue in the case of balanced- 
current protection by the use of apparatus capable of 
differentiating between line faults and earth faults 
render very desirable the achievement of shnilar 
methods in regard to directionally operated protective 
gear. Not only does the employment of this principle 
preclude interference with normal switching operations, 
but in general it enables increased sensitivity in regard 
to earth faults to be achieved, due to the fact that 
reduced disturbances in connections, peculiar to leakage 
faults, are set up in the protective circuit when the 


nections involved, and this particular arrangement 
would not appear to have been largely employed. In 
thp present instance a solution of the problem has 
been sought in a different direction. Instead of pro¬ 
viding a special leakage relay, as in the balanced- 
current gear, a triple-pole relay is used, each pole 
being responsive to faults on the corresponding phase. 
Special means are provided whereby the relays become 
energized to a greater extent on the occurrence of an 
earth fault than will be the case where line faults are 
concerned. 

The relay, therefore, whilst itself operating at a 
constant value of sensitivity, is more easily tripped by 
earih faults than by line faults. It is necessary, there¬ 
fore, for a system of connections to be devised in which 
an augmented flow of current shall be set up. on the 
occurrence of a leakage component in the energizing 
circuit. Instead, however, of this additional current 
appearing in a single neutral lead, it must be present 
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in o£fe of three directionally operative circuits, accord¬ 
ing to which phase has suffered the earth fault. It is 
evident that only in relation to the potential associated 
with the faulty phase may proper directional discri¬ 
minating operation achieved. 

An application of the principle employed is illus¬ 
trated in Fig. 47, in which current connections only 
are shown. It is to be understood that this arrange¬ 
ment will in general form a difference ** circuit and that 
the secondaries of the biasing transformers will supply 
directionally operative relays, or the equivalent biasing 
transformer circuit already described. For the sake of 
clearness, only those connections relevant to the par¬ 
ticular principle to be explained are indicated in the 
diagram. The three windings shown at the top of the 
figure may therefore be considered to be the secondaries 
of currepit transformers or any other similar source of 



Fig. 47.—Diagram of biasing transformer arrangement for 
sensitive directional operation on earth faults. 

three-phase current. They excite three biasing trans¬ 
formers, a common or neutral return being employed 
in the usual way. Each biasing transformer has two 
operating -windings and two restraining windings and 
is provided -with a single secondary for energizing the 
directional relay, etc.,, referred to above. It will be 
seen that one of the pp^ating windings and one of 
the restraining windings are connected in series with 
each phase, whereas the other operating and restraining 
windings are connected in series with the neutral lead 
between the common point of -the biasing trans¬ 
formers and that of -the energizing transformers. The 
number of turns on -the -two restraining windings will 
be similar. 

If a current be considered to flow in the secondary 
of one current transformer only, re-tuming -via the 
neutral lead, then the -two operating windings mentioned 
are so arranged -that their exciting ampere-tums are 
additive. Further, under this, condition it will be seen 
that the two restraining windings are in opposition, 


and -there will therefore be no restraint at all on the 
biasing transformer appropriate to the phase which 
has become energized. The secondary of this trans¬ 
former will receive maximum energy. If the current 
transformers, however, are excited by currents which 
have no leakage (somponent, there will be no current 
in the neutral wire nor in the corresponding operating 
and restraining windings. 

The turns on the biasing transformers are so arranged 
that the energy in the secondary, due tc either restrain¬ 
ing winding and operating winding in series, is such that 
the current ip the relay is negligibly small and cannot 
possibly affect operation. 

It will be seen -that when a leakage current occurs 
it traverses the operating and restraining windings on 
all three of the biasing transformers. On two of them 
the restraint will be effective, and negligible energy 
will be applied to -the secondary windings. On the 
one associated -with the phase in which -the leakage 
current flows, however, it has been seen that the 
restraining -windings are in opposition, and accordingly 
there is no restraint. Tliis arrangement therefore pro- 
-vides that an earth fault current on any phase operates 
the relay only in conjunction with the potential 
appropriate to that phase. 

The simple arrangement shown in Fig. 47 does not 
function entirely correctly on the occurrence of simul¬ 
taneous earth and line currents in opposite directions, but 
it is applicable to a number of conditions, more especi¬ 
ally in connection -with differential circuits, and in 
other cases special means may be taken to overcome 
the difficulties referred to. If therefore the apparatus 
shown in Fig, 47 be now considered to be excited 
differentially, after the manner indicated in Figs. 43 and 
44, it will be seen that it will only become energized 
on the occurrence of a fault between lines or to earth 
on one or other of the feeders protected. In the com¬ 
plete protective circuit, therefore, will be found all the 
features enumerated in regard to Fig.. 44, plus the 
additional characteristics peculiar to Fig. 47. It is 
not, however, considered essential, in connection with 
earth faults, to take into account severe disturbances 
in the voltage of the system, nor in general -will faults 
occurring on systems operating -with an earthing resis¬ 
tance give rise to highly reactive currents flo-wing to 
^arth. According^ the phenomena associated with 
Figs. 14 and 46 are not arranged to be present in the 
operation of leakage faults, since both these conditions 
refer especially to circumstances accompanying the 
existence of fault currents approximating in value to 
the short-circuit current. 

The leakage discriminating biasing transformers are 
therefore added ^to the arrangement shown in Figs. 43 
and 44, their secondaries being connected in series 
with the existing secondary circuits which energize the 
relays. The operation on line faults is unaffected by 
the addition and is as described in connection -with the 
above diagrams. The pro-vision of the extra biasing 
transformer units will slightly modify the dimensions 
of the*\)iasing -transformer shown in Hg. 46, and, there 
will necessarily be a number of additional connections 
inside the biasing transformer. It is not found, how¬ 
ever, that the addition of the. circuits conpemed -with 
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leakage sensitivity in any way adds to the connec¬ 
tions external to the biasing transformer. Fig. 46 
shows the complete arrangement appropriate to the 
protection of a double feeder at a receiving end by 
means of apparatus of the general nature described. 

An entirely analogous arrangement appropriate for 
the protection of multiple feeders might be provided, 
it being understood that the apparatus is chosen with 
a view to operation from time to time with only two 
lines in service. 

The following performance may be provided with 
this gear, utilizing exactly the same relay as has 
been referred to in connection with all other schemes 
mentioned in the paper, namely, an attracted-arma- 
ture relay capable of operating at about 0‘6 volt- 
ampere. 

It is found possible to provide settings which give 
rise to tripping of the relays on line faults on the 
occurrence of difference currents of tlie order of twice 
full-load current. Due to the effect of the power 
factor of the fault, definite figures of sensitivity cannot 
be specified without the provision of special curves of 
performance. In general, however, it is found that, 
due to the phase displacement action and other circum¬ 
stances, the figure would lie between twice full load 
and four times full load, although different settings can 
be arranged if desired. These figures give complete 
freedom from disturbance under all normal conditions 
of operation. On the occurrence of an earth fault, how¬ 
ever, the appropriate pole of the relay would trip on 
difference currents in many instances considerably less 
than 20 per cent of normal full load. 

As indicated above, no extreme abnormality of 
potential is considered in regard to the clearance of 
leakage faults, but these conditions are particularly 
envisaged in connection with line faults. Single-phase 
faults, which cause distortion of the normal phase 
relation, are correctly cleared due to the connections 
employed. For the same reason, reduction of pressure 
between the faulty phases, due to impedance drop, 
will not affect the operation. 

Where the fault g^ves rise to fall of pressure, due to 
reaction in generating plant, the sound phases, between 
which the potential connections in question are excited, 
may be affected, but to a less extent. In the event 
of a complete short-circuit occurring simultaneousl^j 
on aU three phases, the apparatus is found to function 
at pressures down to 26 per cent of normal pressure. 
It is realized that this figure comp^es unfavourably 
with the performance possible, with dynamometer 
relays of suitable type, but it may be improved in 
proportion to the amount of potential excitation em¬ 
ployed. It is felt that the more simple installation 
may present advantages which may be offset against 
the above shortcoming, which is particularly associated 
with the type of relay employed. Moreover, an 
accident of the nature referred to is distinctly un¬ 
common and is hardly possible except as the result 
of a switching error, such as is commonly guarded 
against by interlocking. Experiments made b^ the 
author on tesimg circuits in connection with this 
type of gear, in which short-circuits were applied 
by dropping a bar across the three phases, almost. 


invariably resulted in the fault clearing as a Short- 
circuit between two phases. 

It must be pointed out that the above figures refer 
particularly to actual balanced-power conditions, i.e. to 
a receiving substation supplied by two lines. When¬ 
ever differences in current magnitude occur, these 
figures will be improved upon, tripping being possible 
in severe circumstances with no potential at all on 
any of the phases. 

Use of dynamometer relays ,—In the arrangement 
described, the employment of a simple relay operating 
directionally after the manner described in Section 1 
was indicated. It may be of interest to point out, 
however, that the special characteristics, such as over¬ 
load restraint and sensitive leakage, that may b 
provided by a biasing transformer of the form just 
described are not inseparable from such an .arrange¬ 
ment. A dynamometer type of relay which, as indicated, 
is essentially an instrument of greater precision than 
the contactor type of relay, might be employed with 
very little departure from the connection shown in 
Figs. 44 and 46. 

Section 3. 

Application. 

The selection of means of protection for any given 
system or item of plant will caU for consideration of 
the following circumstances;— 

(i) The capital value of the plant protected. 

(ii) The value of the service, either directly or 

indirectly. By this is meant the cost per 
minute to the supply company of an enforced 
shut-down or, alternatively, ihe extent of th 
inconvenience experienced by the consumers 
. and corresponding loss of goodwill, etc. 

(iii) The arrangement of the machines, transformers, 

feeders, etc., necessitated by the conditions of 
supply. 

(iv) Whether the circuits to be protected already 

exist or if they may be laid out with a view 
to the provision of efficient protective gear. 

Generating and distribution systems, for which it 
may be necessary to specify means of protection, may 
be broadly classified as follows :— 

{a) Those in which the importance of continuity of 
supply and the expenditure already incurred 
by the .provision of large and costly generating 
and control units fully justify the additional 
cost of installing what is considered to be the 
most suitable and reliable method of affording 

’ adequate protection. 

(6) Systems in which the nature of the. load supplied 
and the value of the plant installed do not 
warrant more than a limited investment in 
protective gear, or where, on a lay-out already 
existing, the provision of such apparatus is 
only possible to the extent of the installation 
of additional switches, relays, etc., as distinct 
from the laying of special conductors or the 
rearrangement of existing connections. The 
measure of^ discrimination obtained in such 
cases depends to a large extent, in the case ef 
feeders, on the form of network involved. 
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(cf Small landertaMngs of limited plant capacity 
not in general subject to heavy disturbances 
due to faults, nor supplying loads of the nature 
in which an occasional interruption of supply 
gives rise ^ more than momentary incon¬ 
venience. Parallel f&ders will not frequently 
be found on such systems, and instantaneous 
discriinination is usually limited to the simplest 
circuits. 

So far as generators are concerned, the usual practice 
is to employ circulating-current protection with suitable 
field-suppression gear on all machines above, say, 

1 000 kW at 3 300 volts. Biasing transformers may 
be usefully employed for the protection of generators 
on systems coming in the first category, where low 
fault-settings are specially desirable. 

It is asual to employ circulating-current protective 
gear for all large transformers, and also for small trans¬ 
formers on important systems, where both primaries 
and secondaries are coimected in parallel. Biasing 
transformers are particularly useful where low fault- 
settings are desired, or where the protective trans¬ 
formers have inherently different magnetizing charac¬ 
teristics. 

Feeder protection has to be considered with reference 
to the classification of systems detailed above. 

SysUms (a).—Opposed-voltage protective systems 
have been more widely employed than any other form, 
since the use of a pilot wire enables any circuit to be 
protected without reference to the remainder of the 
system. It is considered that the particular form 
described in this paper possesses the following advantages 
over certain other combinations:— 

(1) No sheath is required for the pilot wires. 

(2) No air-gap is needed in protective transformers. 

(3) Protective transformers are interchangeable. 

(4) A low earth-fault setting is obtained with a 

robust relay. 

(6) Immunity from incorrect tripping is obtained at 
very high currents. 

Split-conductor protection, while avoiding the use of 
pilot cables, necessitates a special form of cable and 
usually more expensive switchgear, and there seems 
little tendency to install it at the present time, except 
for extensions to a system where it has already been 
used. 

Systems (5).—^In systems of this character, the opera¬ 
tion pt feeders in parallel permits the use of discrimi¬ 
nating protective gear l^thout serious expenditure. 

In general, balanced-current gear is chosen for *^6 
transmitting end and balanced-power gear for fhe 
receiving end. A low earth fault-setting and a rela¬ 
tively ^ high line fault-setting is provided, so that 
feeders may be switched in and out of circuit without 
consideration of the protective gear. This protective 
gear will operate even if the line potential has fallen 
to zero, except in the case of two incoming feeders at 


a substation, and even there the potential connections 
are so arranged that correct tripping will occur with 
any two lines short-circuited. In practice it has also 
been demonstrated with an apparently instantaneous 
three-phase short-circuit.’ 

Systems (c), —^Thcre is little chance of discrimination 
in systems of this character, and it is usual to install 
leakage trips and graded overload time-hmits. In 
certain cases a reverse relay with sensitive leakage 
setting can be used with advantage. 

Conclusion. 

Advantages in use of biasing transformer* 

(1) Any type of relay may be used. 

(2) A single type of simple relay may be used for 

any of the systems of protection described. 

(3) Different forms of biasing transformer may be 

made of standard components. 

(4) Transformer-operated relays are not disturbed by 

stray direct currents. 

(5) The relay is protected from mechanical damage 

due to heavy faults. 

(6) The apparatus requires minimum attention. 

(7) Static discriminating apparatus is not likely to 

deteriorate under service conditions. 

Advantages of separate line and earth settings, 

(1) Sensitive operation on earth faults is more easily 

achieved. 

(2) Sensitively set relays are not disturbed by short- 

circuit currents. 

(3) Ring cores may be used for’ opposed-voltage pro¬ 

tective system. 

(4) Parallel-feeder protective system not disturbed by 

switching. 

(5) Small "'tee** loads on protected feeders are 

possible without interfering with protective 

arrangements. 

Finally it may be mentioned that the British 
Thomson-Houston Co. have subjected ail the devices 
described in the paper to such tests under service 
conditions and also at the factory as are essential to 
prove their practical capabilities, and that exhaustive 
experiments have been carried out on each of the 
complete protective circuits, special arrangements haying 
been made to simulate the various service conditions 
which it has been possible to foresee and reproduce. 

Of the mght principal systems of protection described, 
actual equip 3 nents have been supplied except in the 
cases of two systems, in lieu of which other methods 
described in the paper are available. 

In conclusion, the author desires to thank the British 
Thomson-HoustJ)n Co. for their kind permission to pub¬ 
lish the results of investigations largely carried out at 
their works, and also particularly to acknowledge his 
indebtedness to Mr. H. Trencham for setting forth the 
conditions to be met and for his guidance during the 
progress of the work involved. 
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Discussion before The Institution, 28 February, 1924. 


Captain J. M. Donaldson: The author suggests 
that a balance be struck between the cost of the 
apparatus and that of a shut-down, f.e. the loss involved 
by a catastrophe which the apparatus is designed to 
prevent. That is a very sound proposition, but one 
not very easy to carry out. One point which is some¬ 
times overlooked by the makers of protective gear is 
that' such gear may introduce another weak link in the 
chain. The majority of feeder protective systems 
depend upon the use of a pilot cable, and sometimes 
this is of an expensive type. Indeed, in the case of 
certain installations it is obviously too expensive to be 
a commercial proposition. In the majority of cases a 
fault on the pilot cable will cause the relay to operate 
when it should not do so, or else the protective gear 
may be absolutely out of action without the fact being 
known. I suggested to one malcer that it might be a 
sound scheme to have in the pilot circuit a small direct 
current, the primary object of which would be to show 
by its presence on an ammeter that all was well, and 
the result of such an arrangement might be to increase 
the sensitiveness of the relay. I was informed, however, 
that this would be impracticable because the relay 
setting would be altogether too delicate and would 
not work. I merely wish to point out t!^t in this 
particular case the addition of a necessary component 
of protective gear seriously increases the risk, because 
troubles on feeders are generally due to mechanical 
reasons. A large three-phase generator will, according 
to modem fashion, have a full array of protective 
transformers. It will certainly have six—^three on 
each side of the main winding—^to cut the machine 
out if internal trouble develops. Then there will be 
three more transformers the duty of which it is to 
provide for metering and for recording purposes, and 
possibly another for the pressure regulator. I believe 
that the current transformer does form a weak part of 
the system; moreover, it needs housing accommoda¬ 
tion. All these things make for complexity, and each 
point of complexity is an added source of trouble. For 
that reason, the aulhor’s biasing transformer seems at 
first sight to add another link to the chain. I think, 
however, that this is more apparent than real. 
biasing transformer, with an ordinary relay of a more 
rugged type, takes the place of a balanced type relay, 
and the author's argument would be that his biasing 
transformer, plus the simple relay, is certainly no more 
complicated and can be made more reliable than the 
old arrangement. I think that if the author's claims 
in regard to the apparatus are justifiejd—as I have no 
doubt they sp*e—^there is a great deal to be said for it. 
Those who have had experience of protective gear 
know that often it will operate when it should not 
do so, or vice versa. The capacity current is often 
blamed, but, I think, not always correctly. I have 
fouAd on feeders split up into various sections and 
controlled by Merr-Price arrangements, that whereas 
a certain group of transformers will act correctly, or 
fail to act correctly, another group on predsely the 
same feeder will do exactly the opposite. The broad 


principles of design are the same, yet there is this differ¬ 
ence between the different makes *01 transformers, and 
the answer is obviously that the source of the trouble 
is not the capacity current but the lack of balance 
between these current transformers. If, then, the 
biasing transformer will eliminate such troubles, it 
is certainly worth a minor degree of complication, and, 
of course, if it also enables us to do away with the Merz- 
Beard sheath, that is an advantage which I, for one, 
shall welcome with enthusiasm, because that sheath is 
an expensive item when a cable which in itself is not 
very expensive is being protected. I feel that we are 
rather apt to legislate at considerable expense for con¬ 
ditions which seldom arise. Of course, one nyist make 
up one's mind as to whether an occasional bre^down is 
to be risked. This may sometimes happen, even if 
protective gear is installed. There is a good deal to 
be said for t^ng a certain amount of risk, as against 
the method of having everything absolutely invulnerable, 
A very considerable degree of simplicity can be obtained 
by omitting relays altogether, not in the sense of refusing 
to have protective gear of any sort or kind, but by 
letting the current do its own work unaided. There is 
at present on the market a device which, by the move¬ 
ment of the operating handle, stores up a certain amount 
of energy which can be released at the proper time by 
pulling down a small armature, and I think that this 
does get over the difficulty a good deal. The relays 
used in this arrangement are of the size of telephone 
relays. Among the other troubles attaching to protec¬ 
tive gear is the fact that a short-circuit is accompanied 
by a great deal of noise and a certain amount of vibra¬ 
tion. I have known several cases in which relays have 
operated when they should not have done so, merely 
on account of the vibration caused by the short-circuit. 
It' has also to be remembered, of course, that the use 
of a relay almost invariably necessitates some kind 
of switch of an auxiliary character. I agree with the 
author that less attention has been paid in the past 
to these auxiliary switches than they deserve. 

Lieut.-Golonel K. Edgcumbe: The author points 
out that one of the great difficulties met with by the ' 
designer of protective gear is the enormous range of cur¬ 
rents with which he has to deal. The figures given by 
the author have a range of 1 to 400. This presents a 
very real difficulty, because nearly all protective systems 
depend on a balance between two currents which, under 
full-load conditions, are very large. The author's 
scheme is to render the relays less sensitive as the over¬ 
load increases, and he has certainly done this very' 
efiectively. But there are two other methods whereby 
the difficulty can be overcome. One is to improve the 
current transformers. The author starts out with the 
assumption that the current transformers are bound 
to give bad balance. I do not think that that neces¬ 
sarily ioUows. The current transformers of which I 
speak are not tbe balanced-voltage type mentioned by 
Captain Donaldson, but ordinary current transformers. 
The question of balance resolves itself into on of having 
sufficient primary ampere-turns and making the trans* 
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former do as little work as possible. The transformer 
now in general favour is the single-turn type in which 
one conductor passes through a core. A current of 
100 amperes flowing in the feeder at full load gives only 
100 ampere-turns, and this is very small for the purpose 
of a transformer. The popularity of this transformer is 
due partly to its cost—the transformers axe cheap to 
build—^but partly also to the reduction of insulation 
troubles and the mechanical strength to resist short- 
circuit. In physical measurements it is bad practice 
to measure a small quantity by a method which involves 
measuring two large quantities and taking their differ¬ 
ence. ’What one tries to do is to get some method of 
measurement whereby what one measures is the actual 
difference itself. Similarly with protective schemes, in 
which case it so happens that it can be very simply 
done wit^ current transformers operating on the core- 
balance principle. If the three phases of a three-phase 
feeder are passed through a current transformer, the 
secondary current of that transformer will correspond 
to the difference extremely accurately. Therefore, any 
question of the dissimilarity of the transformers is 
eliminated. The author points out the great importance 
of keeping the leakage discrimination and the overload 
discrimination quite distinct, but I do not think that 
he pushes that idea to its logical conclusion. If they 
are kept quite distinct it means that the range which 
one has to cover, instead of being 400 to 1, becomes 
something like 6 to 1 in the case of leakage, and perhaps 
10 to 1 in the case of overload. Those are ranges which 
the ordinary current transformer, if properly constructed, 
can easily cover, and bias thus becomes an unnecessary 
complication. 

Mr, J, R. Cowie: I am in agreement with the author 
when he advocates the use as far as possible of a straight- 
bar primary in current transformers. An endeavour 
has often been made in the past to obtain a sensitive 
tripping device by means of multiple-wound current 
transformers and/or cutting down the amount of iron 
in the circuit, generally leading eventually to trouble 
due to surging current, etc., making the device operative 
when it should not function. The author’s scheme 
appears to some extent to be on similar hues. At the 
first glance it would appear that the sensitive settings 
claimed by the author cannot be obtained because he is 
using a restraining device on his relay, but on going 
further into the matter one finds that he is advocating 
th use of practically solid-core transformers having a 
higher driving force than multi-gap transformers, and 
he is balancing one fact against the other. Personally, I 
think that he is not correct in so doing and that the 
proper place to get the requisite balance and charac- 
'teristic is in the transformer itself. This can quite 
easily be done and a balanced characteristic for fault 
current can be obtained much in excess of any figures 
shown in the paper, a robust, simple and sensitive relay 
still being retained. It seems to me that the main 
application of the author’s device will be on a line which 
is giving trouble because a system has outgrown the 
older types of protection originally installed. The 
author again raises the question of parallel-feeder pro¬ 
tection and employs his biased transformers for these 
devices, but p^allel-feeder protection is known to be 


fundamentally wrong in that the operation of the relays, 
no matter what their type, is at the mercy of the load 
current, and such apparatus may function, may not 
function, or may function incorrectly. If parallel- 
feeder protection were a satisfactory device, the Merz- 
Price system would not have come into existence, nor 
would split-conductor protection or other discriminating 
forms have been evolved. On page 686 the author 
advocates the use of his device on split-conductor 
apparatus. Such an addition appears to me to be 
unnecessary, and this is best illustrated by a few prac¬ 
tical examples. At one time I had to control a system 
where two 0 • 2 sq. in. 3-core cables were joined in parallel 
on one split-conductor switch and an important convert¬ 
ing station of some 6 000-6 000 kW capacity was fed 
from the end of the line. An industrial load of 260 kW 
was tapped off one of the 3-core legs and this worked 
in an entirely satisfactory manner for a number of 
years, but was afterwards balanced out with an additional 
leg from the second 3-core cable when this practice was 
commercially justified. My point is that it was found 
possible to work without using any auxiliary device 
where a failure would have meant disaster. In another 
instance, two 3-core cables in parallel were satisfactorily 
used where the difference in length of two legs was some 
7 per cent. I should like to emphasize the fact that 
fault settings yntti this simple device are in the region 
of 26 to 46 amperes, either between phases or to earth, 
independent of the length of the line. This condition 
cannot obtain with the author’s device. Split-conductor 
protection is the most sensitive and stable form of pro¬ 
tection of which I have knowledge, and I have yet to 
see it operate incorrectly on straight-through fault 
currents. There is a third example working in tliis 
country of an overhead 20 000-volt split-conductor line 
in which the step-up and. step-down transformers are 
included within the zone of split-conductor protection. 
At present the line is carrying some 10 000 kW and at a 
future date will carry 20 000 kW. On the secondary 
side of the transformers there is a relay which will 
indicate which side of the line has developed a fault, 
and devices which will permit the engineers to switch in 
again on the sound half of the line until such time as the 
fault can be repaired. It should be noted that no 
charging devices are fitted in the switch. The author 
claims that his device will take care of the case where a 
faulty joint has been made in a split-conductor cable, 

I have had experience of such a joint, and the standard 
split-conductor protection showed it up. One wants a 
device which will show up an incipient fault on the 
system and not hide it. Sensitive settings appear at the 
present time to be in favour, but in my opinion these 
indicate a very •retrograde step. The fault currents 
which any system can give are inherent to the system, 
and nothing that can be done in the way of protective 
devices will reduce the magnitude of this fault current. 
If, as I think the author suggests, a smaller earthing 
resistance should be used, there is a great danger of 
leaving^ a large percehtage of his alternator windftigs, 
unprotected. This matter was fully dealt with in Mr. 
Kuyser’s paper,* and need not be stressed further. 

Mr. R, W. Biles : The paper may be summed lip as 
* Jourtud 1922, vol. 60, ^^61. 
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use. Personally, I favour earthing through no resiotance 
at all, and it is quite obvious that in the design of any 
protective system allowance must be made for a heavy 
flow of current in the case of faults between phases, 
and no high ohmic value of neutral resistance will' tend 
to diminish such a large*flow of current in view of the 
possibility of simultaneous earth faults. The effect of 
earthing solid is also to ensure clearance of all earth 


Fig. a.—^D iverter relay applied to combined balanced earth leakage and Merz-Price protection; for low fe.ult settings. 




an application of a biasing transformer to all the well- 
known balanced systems of protection. The question 
naturally arises as to why the use of a biasing transformer 
or any stabilizing device has been found necessary. 
The answer is that a demand has arisen for very sensitive 
operation. To obtain this sensititre operation many 
engineers fit some device to limit the flow of current in 
the case of a fault to earth, and this usually consists of 


To trip ciTCuit { - ’ . t -fj— \ 



Fig. B.—^Diverter relay applied to generator protection; lor low fault settings. 


a high resistance in the neutral. The question is a 
very difficulfone to decide, since experience varies to such 
a large degree, and it depends chiefly upon the local 
conditions. I would suggest that engineers should take 
more pains to measure the ohmic value of the earth 
from the remotest point of the system. The method of 
bonding the earthing leads is important, as is fflso the 
number of points that are earthed on the system. 
Multiple earthing requires very careful consideration 
and many protective advantages can be gained by its 


faults, which is a very valuable feature. In some cases 
also it is useful to have a low operating setting cohsistent 
with stability, with the result , that only a negligible 
risk is run of a fault occurring on the system of a value 
insufficient to operate the protective gear. I have no 
doubt that the author applies a bias transformer chiefly 
for this purpose and not for use with a high neutral 
resistance. He very ingeniously applies it for use with 
crude current transformers, which, require no balancing 
during manufacture, but it is questionable whether any 
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econofiay is effected by this. In any case the cost of the 
extra bias transformer must be offset against the simple 
balancing tests that are required. The bias transformer 
is specially constructed and wired, and requires skilled 
attention during testing. The difference between a 
balance transformer and a crude transformer is the simple 
adjustment of the iron circuit before the windings are 
put on. I mention this because one of the author’s 
criticisms is the difhculty of balancing. My experience 
is the contrary, and very little saving is effected. Cap¬ 
tain Donaldson, in opening the discussion, made a plea 
for simplicity; whilst it is a great ideal it is often 
difficult to achieve, especially in circumstances where 
sensitive settings may be required. Fig. A shows an 
alternative arrangement employing a diverter relay. 
The diagram illustrates the arrangement of three current 
transformers at each end of the line. The secondary 
windings are connected in series with two single-pole 
relays, one at each end of the line, and a two-core 
pilot cable. Across the pilot cable, ^also at each end 
of the line, is connected the diverter relay. The 
operation of the relay increases the setting of the sensi¬ 
tive relay by introducing a resistance in series. The 
sensitive relay operates at something less than 0*1 sec. 
and the diverter relay works at ’a high speed approxi¬ 
mating to 0*01 sec. The arrangement is particularly 
economical and has the following advantages : (1) Two- 
core pilot cable only; (2) two single-pole operating 
relays; (3) sensitive earth-fault protection; (4) stabi¬ 
lity against overloads; (6) stability against pilot 
capacity current; (6) no sheaths are required for the 
pilots; (7) air-gap is optional in current transformers; 

(8) protective transformers . are interchangeable; 

(9) robust relays may be employed; and (10) same 
sensitive setting for faults between phases, as for earth 
faults. The advantages over the author’s proposals 
are Nos. (1) and (10). The diverter relay is equally 
applicable to generator protection and, in fact, any 
S 3 ^tem of balanced protection. In the case of the 
protection of generators (see Fig. B) the diverter relay 
is connected in series with the pilot wires, where a 
current-balance system is used. Settings as low as 
4 per cent of full load have been demonstrated with 
perfect stability and with unbalanced current trans¬ 
formers. The use of this setting may be permissible in 
certain circumstances. For feeders on a 10-mile line, 
earth-fault operation can be obtained between 60 and 
70 amperes. If wound primaries were used on the 
same core this value would be considerably reduced. 
In conclusion, I would say that although I appreciate 
the author’s effort towards the solution of parallel- 
feeder protection, I am not convinced that the proposal 

^is satisfactory under a simultaneous three-phase fault 
condition; Such a condition is very unlikely, but when 
it does occur it is very serious. 

Mr, H. Trencham: I should like first to refer to' 
the matter of distinguishing between faults to earth 
and faults between phases. It is customary to hear 
engineers deploring the large amount of money which 
has to be spent in switchgear and switchgear 
apparatus generally. Phase faults are largely the 
cause of this outlay and, if the general practice of 
the industry be examined closely, it will be found 


that a very determined effort is being made to eliminate 
such faults. Engineers in the United States have 
gone so far as to build what substantially amount to 
separate switch-houses for each phase of a three-phase 
circuit, and it seems to me that if phase faults can be 
definitely avoided Or if they can be reduced to that 
small proportion which Captain Donaldson suggests 
may be regarded as negligible, one is thoroughly 
justified in legislating for every benefit that earth 
leakage protection can give. It seems to me that the 
justification of working with earth faults instead of 
phase faults will be amply demonstrated if in the future 
we can use switchgear which is proportioned to deal 
only with currents such as occur under normal load, 
because abnormal currents are impossible. It stands 
to the credit of this country that switchgear which bids 
fair to meet this condition has been built, and built to a 
size and at a cost which, I submit, will compare very 
favourably with that of a scheme, such as involves three 
separate switch-houses for a three-phase equipment. I 
am referring to totally enclosed or ironclad gear. In the 
larger sizes of this class of equipment it will generally 
be found that a phase-to-phase fault is quite impossible. 
In the smaller size the insula-tion problem is sufficiently 
well in hand to make phase-to-phase faults almost an 
impossibility, although actually in many cases there 
is no definite earth partition between the phases. The 
logical following up and improvement of designs of this 
kind will, I think, in the not distant future provide us 
with a means of avoiding the very destructive faults and 
consequent troubles due to phase short-circuits. Captain 
Donaldson referred to protective gear in a way which 
is thoroughly typical of the user, as he stated that it 
does not do what it ought to do and that it does what 
it ought not to do. Yet the need for it is proved by 
the fact that it still continues to excite much interest. 
In addition, I think that the user is not entirely without 
blame in reference to the bad name which protective 
gear gets. I say this while quite recognizing the diffi¬ 
culty that has to be met in designing protective gear. 
It is designed for unknown conditions or, at least, for 
the extraordinary or the unexpected condition, and 
makers have to imagine as well as they can what will 
happen, and provide for something to look after it. If 
protective gear holds a place in the economic world, then 
14hink that it has not yet been treated with the atten¬ 
tion it deserves. If one build a power station and 
install a steam turbine and a large generator, a great 
deal of money is spent in testing the equipment and 
making quite sure that it does what was specified, and, 
whilst recognizing the difficulties in the way of provid¬ 
ing the unusual conditions which would be necessary 
thoroughly to demonstrate the efficiency of protec¬ 
tive gear when installed, I think that they can be sur¬ 
mounted with the expenditure of very much less time 
and money than is habitually expended in looking 
after units larger and probably more spectacular. As 
contrasted with this possibility there are undoubtedly 
users i^ this country who have flatly refused to make 
any tests whatever on protective gear installed on 
sit . . 

Mr. C. L. Lipman : How does the author propose to 
apply this scheme when the transmission pressures are 
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considerably increased ? It seems to me that under 
such conditions it would be an absolute failure, as the 
extremely low ampere-tums of the line current trans¬ 
former would be unable to provide the necessary power 
for energizing the biasing transformer, etc. This scheme 
. is obviously meant to apply to future needs and condi¬ 
tions, so that it is necessary to forecast its availability 
in circumstances which are likely to arise in the future. 
I think that the scheme described in Fig, 9 is qmte satis¬ 
factory, but it appears to me that it will probably cut 
out the sound feeder as well as the faulty one, and 
to prevent this the auxiliary apparatus is suggested. 
I think that this is a mistake, particularly when one 
realizes that it is possible to design a discriminating 
relay for parallel-feeder protection which will not cut 
out the sound feeder unless the load in the latter has 


increased by more than, say, 200 per cent above its 
normal capacity, after the faulty feeder has been tripped 
out. One advantage of the existing relays is that a 
person using them knows exactly what he is protecting 
against, and he can set the relay d!fe he wishes. Another 
advantage of the existing directional (reverse-current) 
relay and discriminating relays is that the apparatus can 
be seen working and is often fitted with flag indicators 
giving positive indications of having operated in a certain 
way, but the relay as described by “^e author is an ordi¬ 
nary current relay and will never show in which direction 
it has operated. I should certainly advocate the prac¬ 
tice of having a particular relay for a particular job. 

[The author’s reply to this discussion will be found on 
page 619.] 


North-Eastern Centre, at Newcastle, 26 February, 1924. 


Mr. H. W. Clothier: During the days of the 
development of Merz-Price balanced protective gear in 
this district, which commenced about 20 years ago, 
the following fundamental principles were definitely 
established : (1) The operation should apply to all con¬ 
ditions of fault, including earth faults, and short-circuits 
between phases and between all three phases and earth. 
(2) The protection should have universal application 
whether used on a ring main, parallel feeders, inter¬ 
connectors, tees, etc., and should be made so that 
extensions to the systems by addition to feeders shall 
not necessitate alteration to the original protective 
apparatus. (3) There should be a rigid elimination of 
avoidable parts and connections. (4) Absolute stability 
under "straight through" fault conditions. (6) The 
avoidance of the potential element in relays, and the 
elimination of the potential transformer as a component 
of protective gear equipment. The author includes the 
following main features as they appeal to me : (a) The 
treatment of the much-discussed bias method in the 
Merz-Price protection by means of a biasing trans¬ 
former in place of the biasing relay explored by McCoU. 
(6) The development of this biasing transformer into 
parallel-feeder or double-feeder protection, (c) The 
combination of the principles of the old " core " leakage 
protection into balanced protection for feeders. Appl 3 diig 
to all three the origmal subject matter we get the 
method of using an auxiliary transformer for intro¬ 
duction of the biasing effect, this being an alternative 
to the better-known' system of biasing by means of 
relays. There is a further way of dealing with the 
problem known as the " diverter relay " system and in 
course of development by the Reyrblle Company, as 
illustrated ip Fig. C. In both the transformer and 
relay bias the bias is always tending to restrain the 
operating relay. On the other hand, in the case of 
the diverter relay the restraint does not appertain until 
the straight-through fault current has approached, a 
dangerous limit. At this stage the divertgr relay 
operates and introduces a non-inductive resistance into 
the pilot-whe circuit. The resistance is such that the 
operating relay is insensitive to the maximum effects 
which would tend to cause inadvertent operation on 


straight-through fault currents, but it should be noted 
that it still remains responsive to internal fault currents 
though in a coarser degree of setting. The diverter 
relay system, therefore, has characteristics somewhat 
similar to those of the bias systems. It has the advan¬ 
tage that it is very simple and that it may be used 
in addition to standard air-gap transformers where a 
more sensitive setting is required tlian that procurable 
with the ordinary robust relay. In regard to the second 
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Fig. C.—^Diverter relay applied to Merz-Price feeder 
protection for sensitive tripping. 

feature, the development of the biasing transformer 
into parallel-feeder protection is extremely interesting 
and has entailed much thought. The ideal in parallel? 
feeder protection by interconnected balanced rela 3 ra 
without pilot wire, after consideration of several stages 
of protective-gear development from time to time, has 
always appeared to me to be a myth. It is never 
possible to meet all the required conditions in service 
even when attempted in such an elaborate manner as 
is shown in the author’s figures. I long since came to 
the conclusion that it was best to join the pair of 
feeders together and so form a simple split-conduetor 
system which would allow both feeders tp trip out for 
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a fault on one, and then the sound line, having overload 
protection, could be restored. In regard to the third 
feature, the use of core leakage in balancing with the 
pilot wire was considered oii the North-East Coast 
network at one timet particularly in order to obtain 
the advantages of light settings for faults to earth 
which were thought to be advantageous for the pro¬ 
tection of fal lin g overhead lines. There was no difficulty 
in combining core-leakage protection with the ordinary 
air-gap transformer s]/stem, but the principle of 
balanced earth leakage was not generally accepted as 
a practicable solution for feeder protection. [It was 
only approved for generator protection (Porter system) 
and even in that case it did not reach a practical 
application stage.] The author mentions the reason 
on page 684. It is that, according to the experience 
on large power systems, a fault to earth on one phase 
is likely to be accompanied simultaneously by a fault 
to earth on another phase, and the second fault may be 
on another cable on another part of the system. The 
effect of this is to cut out the saving factor of the 
earthing resistance, and the fault currents to earth 
become practically as great as the fault current between 
phases. Therefore any considerations dealing with 
leakage protection must take into account straight- 
through currents of the same magnitude as those 
occurring on faults between phases. That being so, is 
there need to complicate the feeder-protected circuit 
by a separate system dealing with the earth leakage ? 
Th,e author does not state the fault-current settings for 
faults between phases, nor the measure of stability in 
terms of straight-through current which has been 
achieved by his bias system on feeders. It would be inter¬ 
esting to know whether any better results are obtainable 
with his solid-core transformers than with the air-gap 
transformer. The latter was found from the first stages 
of Merz-Price development to be the best means of 
obtaining stability under straight-through fault con-: 
ditions. Later on it was improved by the introduction 
of a larger iron core and a multi-air-gap, proposed after 
investigations into the means of the avoidance of inter¬ 
ference by external field which was experienced with 
the original single-air-gap transformer. At present most 
multi-air-gap transformers axe adjusted and tested for 
balance with the standard up to 10 000 amperes. No 
difficulty is now experienced in manufacturing to comply 
with these tests, and accurate balance is possible under 
even greater currents. These precautions in manu¬ 
facture have sufficed to meet the ordinary demand for 
feeder protection, using a simple relay having fault 
settings of 400 to 800 amperes when fed through one 
transformer at one end of the line only. It is remarkable 
that the simple treatment has survived notwithstanding 
^e iniprovements suggested from time to time by many 
investigators who have studied the problems from the 
users and manufacturers* points of view. Troubles 
there have been, but in the majority of cases these 
have been attributable to a mistaken endeavour unduly 
to cut down the operating currents, thus introducing 
a state of instability during straight-through fault 
currents. This has sometimes been done for no better 
reason than the saving in initial cost of the earthing 
resistance. It might be better in many cases to earth 


the neutral direct and save the whole cost of the earthing 
resistance, than to strive for ultra-sensitiveness at the 
expense of stability: Those instances where this special 
degree of sensitiveness is required may still be dealt 
with by the standard form of multi-air-gap transformer, 
utilizing the diverter relay method before mentioned. 
In this case the operating relay may be of the sensitive 
dynamometer type (such as the Fawssett-Parry) with 
inertia to avoid inadvertent operation on impulses, tliis 
being preferred to the author's solid-core transformers 
and biasing transformers. The leakage protection may 
be used in either case when it is considered to be safe. 
Two other phenomena which have been experienced on 
balanced protective systems have been more pronounced 
on systems of 33 000 and 66 000 volts in conjunction 
witlx very large power generation, and have not been 
disclosed by the author as a result of his practical 
investigations. One is interference by voltages induced 
on the pilot wdre by heavy main single-phase fault 
currents. This condition may be aggravated by 
imperfect bonding of the main cable, allowing the return 
current to stray from the immediate surroundings of 
the cable. Inadvertent tripping of the relays occurs 
in the event of a pilot wire being earthed at one 
end, or when the insulation of the pilot wire breaks 
down. The remedy proposed by Mr. Porter is to add 
drainage coils " to the pilot wire at each end, an 
expedient which is found necessary for a similar 
phenomenon in connection with telephone service. The 
other phenomenon is the production of an out-of¬ 
balance current in the pilot wire due to straight-through 
resonance currents occasioned by arcing faults to earth. 
In such cases there will be an actual difference of 
current in the two ends of the main line. It is, in fact, 
the exception to the principle upon which the Merz- 
Price balanced systems were originally based. Will the 
system of bias always take care of this ? A convenient 
remedy is to make the relay inoperative by currents 
of frequencies other than the normal. This may be 
partially accomplished by shunting the relay coil with 
a non-inductive resistance, but a " reed " type relay 
is lilcely to be most useful for this purpose, the operating 
reed having tlie physical property of vibrating only 
within small variations firom the normal frequency. 
These phenomena, however, are experienced only in the 
exteptional cases mentioned above. For the normal 
practical lay-out of cable systems for 6 000 to 20 000 
volts, the original Merz-Price protection with multi- 
air-gap transformers and simple relays meets ail service 
requirements, provided an unduly sensitive operation 
is not attempted. On reading foreign technical papers 
and stud 3 dng practices in the application of protective 
gear in otiier countries, one cannot help but be impressed 
with the greater activities of British supply undertakings 
and manufacturers in the matter of efficient balanced 
systems of protection. Whilst other countries have 
tried to solve the problems with graded time-limit 
devices, the British industry has adopted the broader 
policy—^lotwithstanding the extra expense of the pilot 
wire or a special cable—of cultivating the art of true 
discrimination by the balancing methods. Unfor¬ 
tunately for the ideas in protective gear, it takes so 
long to explore fully a new method. Test-room 
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experiments do not always reveal the difficulties which 
occur under serious fault conditions on the network 
of cables with large amounts of power available. The 
bias system is no new', thing, although the author’s 
method in detail has not been on trial for long. No 
doubt, however, he will be able tcf assure us as to its 
efficient sendee on large power supply systems. 

Mr. B. H. Leeson: The author, accepting the well- 
proved principles of balanced differential protective 
systems, has set out to obtain lower earth-fault settings, 
and, as a result, has devised a very ingenious piece of 
apparatus which he calls a ’’ biasing transformer.” The 
use of this additional apparatus is occasioned by the 
employment of solid-core unbalanced-type transformers, 
and this combination is advocated by the author as an 
alternative to the simple air-gap balanced-type trans¬ 
former. This policy, however, does not harmonize 
with the principle of simplicity so rightly advocated 
at the beginning of the paper; and I question whether 
an extra biasing transformer is really necessary, seeing 
tliat an alternative simple air-gap transformer can be 
balanced without any difficulty to a standard,” so as 
to form a negligible factor in the determination of a 
satisfactory service fault-setting. The author’s advocacy 
of very low earth-fault settings appears quite attractive 
at first sight, but I am of the opinion that it cannot 
be universally applied with advantage, owing to the 
many other factors which determine the safe setting 
value, quite irrespective of the capabilities or limitations 
of the protective apparatus itself, as referred to in 
the paper. Assuming, however, a given low earth- 
fault setting to be obtained with stability of the system, 
the advantages or otherwise must be considered in the 
light of the following arguments. If the principal 
advantage of a low earth-fault setting on the network 
is to limit the disturbance or shock on the system, 
then a correspondingly high ohmic value of neutral¬ 
earthing resistance is required to limit the fault current 
to a comparable amount. On the other hand, the 
principal object in generator protection is to leave 
unprotected as small a percentage as possible of the 
generator winding from the neutral point; and as this 
is governed entirely by the ratio of the fault-current 
setting to the current passed by the earthing resistance, 
a low ohmic value is needed in this case if any advantage 
is to be gained by the low fault-setting. Further, the 
use of an earthing resistance of high ohmic value is 
danprous, as the system approaches the condition of. 
an insulated one, and when an earth fault occurs on 
one phase the other two will be instantaneously sub¬ 
jected to -v/S times the transient voltage existing during 
the fault. This very rapid pressure-rise, probably at 
the resonant frequency of the system* will search out 
any wealc spots in the insulation of the other phases, 
and experience shows that in actual service such con¬ 
ditions produce simultaneous eartli faults on separate 
phases. In addition to this increased risk to the 
insulation, faults which are too limited by the earthing 
resistance may be difficult to locate, and in all proljability 
the procedure of burning them out will be finally 
resorted to. Is not the better way, therefore, to allow 
a heavier fault current to pass which will not only be. 
sufficient to bum out and clear the fault in one operation 


(thus avoiding delay in resuming service) but will also 
reduce the surge energy on the sound phases and lessen 
the risk of further failure ? Generally speaking, I think 
that the compromise is in favour of the low-ohmic-value 
earthing resistance; and^ it is interesting to note that, 
whilst the smaller systems are employing a limiting 
resistance in the neutral, the tendency in the large 
modem stations is towards solidly earthing the neutral 
point. A low fault-setting on the network is only 
obligatory, therefore, if the system is earthed through 
a high resistance (in order to ensure operation), and this 
may be accomplished either by the inherent addition 
of the biasing transformer in the author’s scheme or, 
in the case of existing Merz-Price systems, by the simple 
addition of a diverter relay. On the other hand it is 
questionable whether any extra complications are 
justified in the majority of cases where th« current 
p^sed by the earthing resistance has been determined 
upon the lines discussed above, as experience proves 
that, it is* often preferable to sacrifice the low fault¬ 
setting to simplicity and stability by employing the 
Merz-Price system in its simplest form. The author 
describes the occurrence of simultaneous earth faults 
as being exceptipnal. He limits his statement, however, 
to pressures not exceeding 11000 volts, but I take it 
that he does not intend to imply that the successful 
operation of his systems of protection is similarly limited. 
No system of protection can be successful unless it works 
satisfactorily under the condition of a straight-through 
fault which is not limited in value by the neutral 
earthing resistance. In other words, the setting 
employed for obtaining stability for an earth fault 
must be equivalent to that necessary for a fault between 
phases. By employing solid-core transformers a toge 
unbalance will be caused with a straight-through earth 
fault of between-phase value, and, in view of the fact 
that a low earth-fault setting is employed in the author’s 
schemes, I should be glad to know whether stability 
is assured in this case under service conditions. In the 
case of generators the fault-setting should be as low 
as possible, consistent with stability. I should have 
expected the author to have specially advocated a low 
fault-setting here, and I should like to know his views 
upon this point, as no specific reference is made under 
this b ending in the paper. With reference to the author’s 
remarks on page 698, presumably referring to the Merz- 
Price system, it is not essential for a sheath to be 
employed on the pilot cables; this is only one of the 
methods by which capacity currents may be compensated 
for, and is only used where lower fault-settings are 
desired. With regard to air-gap transformers, when 
these are employed there is no possibility of the relays 
becoming damaged under short-circuit conditions, the, 
danger of which is referred to by the author.. All air-gap 
Merz-Price transformers^ are carefully balanced to a 
standard, are completely interchangeable, and during 
very high currents form a negligible factor in obtaining 
stability. Incidentally this is much simpler and cheaper 
than the use of a separate biasing transformer. My 
remarks above have already shown that the advantage 
of a low earth-fault setting may be outweighed by 
other considerations. The Merz-P^ce system is also 
stable under conditions of simultaneous earth faults 
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of between-phase value, probably to a greater degree 
than the author's alternative. With any form of Merz- 
Price protection, low fault-setting may be obtained by 
the employment of the diverter relay, in cases where 
such additional sensiti^ty is desirable. Seeing that very 
low fault-settings are obtained with the existing split- 
conductor system, I find it difficult to appreciate the 
necessity for the extra complication proposed by the 
author. In the case of transformer protection the 
author proposes to use a d.c. auxiliary restraint which 
comes into action during the closing of the main switch. 
I hardly think that this is a solution of the problem, 
as it makes no provision for current-rushes which occur 
after the switch has been closed, such current-rushes 
or surges being due to rapid changes of load under 
fault conditions, I shall be glad to know whether low 
fault-settings can be made stable and axe recommended 
by the author under these conditions in service. The 


being connected to the protective relay and the other 
to a fault-indicating relay. Overload transformers are 
also provided for single-line protection. This scheme 
is exceedingly simple and operates correctly under all 
conditions of service on a ring main. No auxiliary 
switch is employed ^d isolation is positive and depends 
only upon the value of the current, no potential elements 
being employed for the tripping operation. As the lines 
are separated in the form of two cables or otherwise, 
all faults are either between phases or to earth, and thus 
complete protection for every operating condition is 
obtained. If step-up power transformers are employed 
in the two outgoing lines, then complete protection is 
afforded to them, both on the high-tension and low- 
tension sides. Earth-fault indication may also be 
obtained by providing current transformers for the 
neutral leads on the secondary side of the step-up 
transformers. When a fault occurs, both lines are 



Fig. D.—Split-conductor principle applied to parallel feeders with faulty-line indication. 


author applies the principle of the biasing transformer 
to various forms of parallel-feeder protection. I am 
not quite clear as to the true advantage of the use of 
the biasing transformer for such protection, as it only 
applies to known systems which axe admittedly far from 
ideal. He acknowledges the fundamental difficulties, 
and in the scheme advocated by him, employing a 
jDalanced-power arrangement, no protection would 
apparently be obtained on simultaneous three-phase 
short-cixcuits. The great disability of many of the 
systems shown is that they are only suitable for a power 
feed in one direction, which practically debars them 
from modem networks, where ring mains are more or 
less essential. The split-conductor principle may be 
applied to parallel-feeder protection in a very simple 
manner, and this is shown in Fig. B. The two lines 
are fed from a standard split-conductor oil circuit- 
breaker and are passed through standard split-conductor 
transformers each having two windings, one winding 


switched out and the indicating relay shows which is 
the faulty line. The sound line can then be closed in 
immediately. In view of the complete and positive 
protection afforded, there is very much to be said in 
favour of this extremely simple form of protection. 

Mr. H. Trencham: Protective gear of the type using 
pilot wires was first seriously taken up in the North- 
East district, but its real importance is not yet realized 
as it should be •Ln many parts of the country. Mr. 
Clothier touched on a very interesting subject when 
referring to the new difficulties which occur in adapting 
pilot-wire protection to high-voltage schemes. In the 
United States and on the Continent such development 
has been avoided, but it does not necessarily follow 
that tb^ subject is entirely intractable. In my opinion 
the success which has in the past attended the work 
done in this country augurs well for the successful 
surmounting of the new difficulties which appear. 

Mr- W. A. A. Burgess : It is to be regretted that 
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the author's efEorts have led him away from, rather 
than towards, that simplicity which is the ideal in the 
electrical and also every branch of engineering. In 
looking back upon the process of evolution of the 
majority of successful engineering products, one can 
usually trace an original and comparatively simple idea 
through a maze of complication to a final simplified 
form still embodying all the advantages towards which 
the more complicated forms were aimed. To my mind 
the author's scheme of biasing transformers is still in 
^at complex though useful stage which, while insufficient 
in itself to meet the aims of those responsible for its 
development, is still a definite and necessary step 
towards their ultimate simple fulfilment. The need for 
certainty of operation under predetermined fault con¬ 
ditions (and there is nowadays no need to go to extremes 
in sensitiveness in fault settings on a well-designed 
system) and for equal certainty of non-operation with 
heavy normal currents is undoubted, but the simplest 
and soundest way to secure this is surely to improve 
the design and balance of the main protective current 
transformers rather than to endeavour to correct errors' 
of bulk manufacture by introducing an additional piece 
of apparatus to the circuit, even though that additional 
part be much more simple than that proposed by the 
author. A case for the improvement of existing forms 
of apparatus may be instanced where two feeders are 
provided with "parallel feeder" protection, a very 
common expedient in modernizing the older networks. 
Even the author's equivalent of a wireless receiving set 
replete with fuses will not prevent the healthy feeder 
from being automatically switched out, nor will it assist 
him in the quick determination of the faulty line. As 
an instance of intermediate over-elaboration, I once 
attempted to apply Merz-Price protection to a three- 
phase overhead ring main with 12 tees off it, each 
capable of passing current both into and out of the ring 
main. The object of the ring main was to equalize 
the load on ten 0*25 sq. in. low-tension feeders in an 
industrial works, to save additional copper. The product 
was a particularly valuable one; the processes involved 


were continuous and the cost of the protection, if it 
would work within reasonable limits, was justified. My 
first inclination was to connect all current-transformer 
secondaries in series with a ring cable broken at the 
relay, " star " one end« connect the relay across the 
other end and join the neutrals to effect the E.M.F. 
balancing. Next, to reduce the fault setting and still 
use straight-through current transformers, I investigated 
current balancing, which appeared to require at least 
three secondary leads from every current transformer 
! to be brought to a common relay centre, involving a 
number of very long lengths of pilot cable of relatively 
heavy section and the possibility of compensating 
resistances. This was very nearly the author’s method 
and I was frankly appalled at my creation, I next 
decided to try the effect of paralleling all current- 
transformer secondaries on a common ring pilot, starring 
one side. At this stage I obtained the necessary current 
transformers from Messrs. Reyrolle. A preliminary test 
proved the system to be workable and it was afterwards 
found that, using standard 7/21^ S.W.G. 3-core pilot 
cable, the relay could be put at any point of the ring 
pilot without affecting its successful operation. The 
system has now been in commission for 6 years and 
operates with great promptitude whenever a crane jib 
fouls the overhead wires or a piece of corrugated iron 
short-circuits them. The total possible current input 
to the ring main is about 3 000 amperes, and a motor 
connection requiring 60 amperes teed off within the 
protection will operate the relay. In conclusion I should 
like to advocate the consideration of the application 
of the balanced-protection idea to the more mechanical 
side of engineering, to buried gas and water mains and 
to the indication, at least, of heat leakage and waste all 
the way from the fuel to the unit of electrical energy. 

I am sure that no biasing apparatus would be tolerated 
in that field, and it hardly seems necessary in the field 
covered by the author. 

[The author's reply to this discussion will be found 
on page 619.1 


North Midland Centre, at Leeds, 26 February, 1924 . 


Mr* W. B. Woodhouse : It would be of interest 
if the author would give some indication of the cost 
of the apparatus which he describes in the paper, as 
compared with that of other forms of protective gear in 
general use. 

Mr*.D* M* Buist: When protective gear was first 
introduced, it was considered to be relatively unimpor¬ 
tant. Some supply engineers in thosS days contended 
that it was, unnecessary to protect against troubles 
that they never or seldom encountered, while others 
contended that the remedy was worse than , the disease, 
and in the majority of cases such arguments were un¬ 
assailable, The first contention has now been refuted, 
however, chiefly due to the rapid growth in th^size of 
individual undertakings, whilst the second contention 
has been reversed by the improvements effected in pro¬ 
tective gear in recent, years. The present paper is 
indicative more of improvements than of the intro¬ 


duction of new systems. The outstanding feature of 
the paper, is,» of course, its advocacy of what is really 
a radical departure in tlie design of protective gear, 
namely, the use of biased transformers in place of 
biased relays. This transference of the bias from the 
relay to tlie transformer certainly constitutes a notable 
improvement as it not only permits of the use of a more 
simple and robust and yet less sensitive relay, but also* 
affords greater overall sensitivity, as this feature js trans¬ 
ferred with the bias to the transformer. At the present 
day, users of protective gear are divided into two schools, 
those who prefer high settings and those who prefer 
low set&gs. I, personally, belong to the former school, 
preferring to install sensitive relays of the Fawssett- 
Parry t 3 rpe, not necessarily in every case employing the 
minimum setting, however, but rather allowing experi¬ 
ence of the network and the growth of the undertaJcmg 
to decide the correct setting. The installation to 
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which I refer is only ia its embryo stage at present, and 
I fully anticipate that I shall change my opinions with 
time, but another reason for my choice of such a flexible 
arrangement, quite a^art from the two reasons already 
given, is that, despite the usp of Beard compensated 
pilots and recent improvements in the transformers, I 
wish to incur no risks from the presence of triple¬ 
frequency currents which recent oscillograph tests have 
displayed. In point of fact, we are even now seriously 
considering leaving the secondary circuit unearthed 
for this reason, as in any case the general practice of 
earthing at one end only of the secondary circuit is no 
adequate protection to the operator should he be 
engaged on the protective gear at the opposite end. 
The possibility of operation by triple-frequency currents 
applies to all systems of protection employing leakage 
relays on: earthed-neutral supply systems. I should 
therefore like to ask the author if he has taken cognizance 
of this point, particularly as none of his feeder diagrams 
shows an earth connection in the secondary. I believe 
I am correct in stating that this paper is the first one on 
this subject to deal almost entirely with the design of 
protective gear, or at least to keep design to the fore¬ 
front throughout. Its value would have been greatly 
enhanced if the results achieved in practice in those 
installations referred to in the penultimate paragraph 
had been described with a detail equal to that displayed 
throughout the paper. A set of curves showing the 
comparison between the author's gear and existing 
systems, from ihe points of view of tripping current 
and stability on through" short-circuits, would 
also have been valuable, as supply engineers as a 
body are too busy to digest thoroughly the contents 
of such a lengthy paper as this is. While on this 
subject of sensitivity, particularly on feeder protec- 


North-Western Centre, at 

Mr, H. A. Ratcliff: The paper deals with apparatus 
for the protection of alternating-current circuits, and 
the author frequently refers to protective devices. 
'' Protective'' appears to be a misnomer, and a better 
description would probably be " isolating" or 
** locating." No form of protective gear protects in 
the sense that it prevents a fault occurring, although 
it may be correct to say that it protects qther portions 
of a system from the effects of a fault on the auto¬ 
matically isolated section. The author emphasizes the 
importance of clearing small earth faults instantaneously, 
but it is equally, if not more, important that short- 
circuit faults should be cleared instantaneously. Up to 
a year or so ago it was the general experience that 
99 faults out of every 100 originated as earth faults 
and as a rule they could be cleared before they developed 
into short-circuits, but recent experiences in various 
parts of the country with extra-high-tension cables have 
indicated that the same sequence of fault development 
and clearing is j^ot likely to obtain. The real essential 
in connection with protective gear is discrimination 
between one circuit and another, and be^tween one 
portion of a circuit and the remainder of the circuit. 
That is the principal reason for the design and develop- 


tive gear, I should like to ask the author's opinion of 
the following statement: The more sensitive a setting 
and therefore the less disastrous the effect of a fault, 
the more difficult it is to locate the fault. An increase 
of sensitivity results in tripping the oil switch earlier 
but, in my opinion^ the fraction of time thus saved is 
negligible. Moreover, as the sensitivity is increased, 
slight variations in the mechanical time-lag in the opera¬ 
tion of the oil switch assume relatively greater impor¬ 
tance. An interesting experiment to substantiate or 
disprove the foregoing contentions would be to apply 
the author's proposals to a circuit already protected by 
Merz-Price gear and to carry out a series of tests with 
varying fault currents, including a dead short-circuit. 
I think that it will be agreed that the rapid growth 
of the fault current would reduce the interval of time 
in passing from a tripping current of, say, 100 amperes 
for the author's gear to a tripping current of, say,’ 400 
amperes for the ordinary Merz-Price gear, to such an 
infinitesimal amount that both relays would appear to 
trip instantaneously. For this same reason I would 
ask the author if, for stub-ended feeders, combined 
overload and .leakage protection is not equally as 
efficacious as any system he has put forward, because, 
after all, it is merely an application of the Wedmore 
principle. 

Mr. M. Wadeson ; The less protective apparatus is 
used the better, and I think that if simple overload 
protection will suffice that is the best system. It is, 
I believe, now becoming quite general in large power 
s)^tems to do away with much of the complicated 
protective apparatus and use overload protection as far 
as possible. 

[The author's reply to this discussion will be found 
on page 619.] 

Manchester, 4 March, 1924 . 

ment of pilot-wire systems of protection. It is possible 
to attain a certain measure of discrimination by means 
of time-lags on the relays, but their use should always 
be avoided where possible. Time-lags on protective 
are always most undesirable, but where there is 
no possible alternative means of discrimination they 
a?e probably the lesser of two evils. The aulhor 
emphasizes reliability, with which I associate stability. 
Unfortunately, that is the one feature which much of 
the so-called protective gear on the'market does not 
possess. As the author clearly shows, the safe operating 
range which a protective relay has to cover is enormous 
and is perhaps not always fully appreciated by either 
manufacturers of users. As mentioned in the paper, 
the ordinary range of operation for electriqal apparatus 
is perhaps 10 :1, and in the case of most a.c. instruments 
it rarely exceeds 6:1. Protective apparatus may, 
however, have to withstand a current-range of 400:1, 
and as the resulting forces usually follow a square law 
the di|^culties incidental to the designs of suitable 
relays, etc., are very pronounced. With reference to 
reliability, it is obvious that protective gear must be 
absolutely above suspicion; otherwise it is worse than 
useless and merely creates a sense of false security. 
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which is extremely dangerous. It is therefore unfor¬ 
tunate that much of the gear on the market is flimsy, 
badly constructed and frequently unreliable. That, 
perhaps, is not entirely the fault of the manufacturers. 
It arises from the fact that protective gear when it 
was first introduced was regarded as a somewhat novel 
luxury and consequently, in order to create a demand 
for it, the price was cut and the quality suffered 
accordingly. It is now realized, however, that pro¬ 
tective gear is an absolutely essential requirement of 
all involved distributing and transmission systems, and 
consequently there is more inducement to the manu¬ 
facturer to develop high-grade apparatus. Apart from 
the relays, the main trouble with protective gear un¬ 
doubtedly arises from the limitations of the ordinary 
current tansformers, and it is in recognition of these 
limitations that the air-gap current transformer has 
been evolved. Admittedly the air-gap type poss^ses 
certain advantages, but the outstanding feature of the 
author’s arrangements is the use of closed-iron current 
transformers instead of the rather delicate air-gap type. 
This has been rendered possible by the author’s biasing 
scheme. The idea of controlling certain effects by 
induced magnetic saturation is not novel, but full credit 
should be given to the author for the development of 
his ingenious adaptation of it. It would appear that 
the principal source of trouble on e.h.t. systems, apart 
from actual breakdowns, is likely to be the compara¬ 
tively heavy transient current-rushes resulting from 
switching operations in connection with large trans¬ 
formers or cables having considerable capacity. For 
example, the normal balanced charging current of an 
ordinary 33 000-volt 3-core cable at the normal 
frequency of 50 cycles may be of the order of 21- amperes 
per mile, but in the event of one phase becoming earthed 
the resulting unbalanced capacity current may be of 
the order of 3| amperes per mile at normal frequency, 
and possibly 100 times greater under surge conditions. 
No doubt the author had these conditions in mind when 
developing his biasing transformer, and it would there¬ 
fore be interesting to know to. what extent he has 
succeeded in meeting them. My actual experience of 
his gear has not been sufi&cient to justify a definite 
opinion on its behaviour under the conditions arising 
from severe transient disturbances on a large e.h.t. 
three-phase system. The limitations of ring trang- 
formers have been referred, to in the paper and it is 
advisable that they should be recognized. There is a 
tendency nowadays to load single-turn ring trans¬ 
formers with instruments and overload and protective 
relays, etc., and then to expect the instruments to be 
accurate and the protective gear to be reliable. Very 
few instruments are shown in the protective circuits 
given in the paper.' It is certainly inadvisable to have 
both instruments and protective gear on one transformer. 
If separate transformers are employed for the protective 
gear there is undoubtedly a good case for the single- 
turn type, and within its limitations it is, under such 
conditions, very satisfactory. Probably the best and 
simplest airrangement for protecting a power tranSformer 
is to use a plain ring transformer having a large window, 
and to thread all the,phase conductors and the neutral 
conductor through it. This method of employing the 
VoL. ,62. 


simple phase-balance system of protection overcomes 
the difficulty experienced with separate current trans¬ 
formers in each conductor owing to magnetizing current 
switching transients. The paper contains many diagrams 
which will repay careful study, ibut it is difl&cult to 
avoid the conclusion tfiat some of them are unduly 
complicated, for, after all, as the author states, one of 
the essential attributes of protective gear is simplicity, 
and it is rather difficult to associate simplicity with 
some of the figures. When compounded into tanks 
with a few terminals on the covers, the biasing trans¬ 
formers do not appear to be unduly elaborate, but the 
complicated nature of the circuits becomes evident when 
checking connections or locating troubles. To me the 
most interesting figure in the paper is Fig. 25, showing 
the evolution of the feeder protective gear. It indicates 
very clearly how the scheme has gradually evolved 
from simple balanced earth-leakage protection to full 
fault-discriminating and biased protection. It also 
shows the very important characteristic feature which 
distinguishes this particular arrangement from other 
opposed-voltage systems, i.e. the purely local circuit 
through tlie biasing transformers at each end of the 
line. The result of this is that the current transformers 
are actually loaded instead of being merely voltage 
transformers, and consequently ordinarj'^ standard types 
having closed magnetic circuits may be employed. The 
possibilities of the author’s biasing system appear to 
be almost illimitable, and in Fig. 22 a very ingenious 
compound bias is shown. First, there is the a.c. bias, 
and then in addition there is a d.c. bias. The arrange¬ 
ment is shown applied to a transfonner which it protects 
throughout, from primary to secondary terminals. No 
doubt the arrangement is very effective, and it would 
therefore be interesting to Icnow whether the author 
considers the scheme to be satisfactory for the overall 
protection of a generator and step-up transformer. The 
problem of devising a satisfactory system of overall 
generator and transfonner protection is by no means 
a simple one! The screened pilot cable has been a 
necessity with certain types of opposed-voltage gear in 
order to eliminate or minimize the effect of the capacity 
currents in the pilot conductors on the relays. Screened 
pilot cables do not, however, overcome the difiiculties 
incidental to the capacity currents in the main power 
cables. I should be glad if, in that respect, the author 
would say to what extent his biasing system will render 
his gear immune from the effects of heavy current- 
rushes due to the capacity of the main cables, and 
also whether the gear gives immunity from the effects 
of triple-harmonic currents. The comparison between 
a.c. and d.c. relays is very interesting. Most of the 
latter, of course, follow a square law and the pull 
increases enormously as the gap in the magnetic circuit 
closes. With a.c. relays, unfortunately, there is fre¬ 
quently more or less of a floating effect, and consequently 
in certain cases they are apt to be unreliable. The 
difference in the operating forces with the two t 3 q)es 
is very clearly shown in the paper. The resonant a.c. 
relay is both interesting and ingenious. I am more 
particularly interested in the possibilities of the device 
for overcoming the difficulties experienced with certain 
forms of protective apparatus due to transient effects. 

40 
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Oa a somewhat similar scheme being proposed recently 
it was condemned for the very reason which the author 
recommends. The author would be well advised to 
limit his various protective schemes to arrangements 
employing current tfansformers only, since extended 
experience has shown that protective schemes which 
necessitate the use of potential transformers are 
unreliable. 

Mr • H, Pearce : The separation of earth faults^ from 
line faults, referred to in the paper, is a procedure 
which is not supported in every quarter, but I think 
that there is a growing tendency to realize that earth 
faults must be provided with a low setting because of 
the limitation to the fault cunrent by the neutral 
resistance. This lunitation does not apply to the line 
faults—^faults between phases—and there is therefore 
no reason for limiting the setting of these relays to 
such -a low value. In the early da 3 rs of protective gear 
many troubles occurred due to the earthing resistance 
not being rated at a sufSciently large current. For 
reason I would urge designers of protective gear to 
insist upon having ample current to operate the relays. 
In the case of certain installations carried out some 
years ago difficulties occurred in this direction. The 
gear had been installed for some time and under such 
conditions that it could not possibly operate, yet this 
was only discovered after several breakdo^vns of 
expensive plant had actually occurred, so that the 
operating engineers had been under a false sense of 
security until the actual troubles developed. This 
leads me to mention the importance of testing pro¬ 
tective gear on site. The tests should be carried out 
by the application of actual fault current to the primjary 
conductors without disturbing the secondary connections* 
This is not merely a refinement; the secondary con¬ 
nections require to be tested as much as any other 
part of the protective gear. Manufacturers are able to 
produce protective gear which will meet, ver^*- largely, 
even the severe requirements of the large systems of 
the present day; but it is not sufficient to design and 
construct gear which will operate when first installed. 
To obtain satisfactory service it is necessary for the 
gear to be maintained to the same extent as any other 
part of the power equipment. Unfortunately, the 
tendency is to maintain all the important pieces of 
plaiit very efficiently but to ignore some of the less 
important items—^the items which do not actually 
produce revenue—and protective gear in the past has 
definitely suffered on this account. The two main 
objects in installing protective gear axe to limit the 
damage to expensive plant on the occurrence of faults 
and to localize the disturbance by preventing healthy 
circuits from being cut out when faults occur in other 
parts pf the system. If it is worth while pa 3 dng for 
apparatus to fulfil these functions, it is equally worth 
while to spend care and attention in testing and 
inspecting the equipment at regular intervals to ensure 
that it carries out the functions for which it is installed. 
It is only by the supply engineers co-operating with 
the manufacturers that we can arrive at the best results 
from protective gear, as with any other piece of 
apparatus. Furthermore, no branch of engineering 
can advance adequately until detailed. facts are care¬ 


fully scheduled, tabulated and analysed. For these and 
other reasons protective gear, when installed, should 
pass through acceptance trials in just the same way as 
any other piece of apparatus. 

Mr. G. A* Gheetham; Many years ago I experimented 
with a biased relay and decided that it was not a piece 
of apparatus to put in a protective circuit. The author 
appears to have overcome the difficulty by including 
the biasing in the transformer. In the* old days 
the necessity for biasing relays arose due to the diffi¬ 
culty of balancing transformers. I suggest that this 
difficulty is practically non-existent at the present time. 
There are many protective systems now in opera¬ 
tion which depend purely upon balanced transformers 
and give excellent results. I know of a system in 
which generators of a large capacity are operating and 
feeding two substations in series through feeders pro¬ 
tected on the balanced-voltage system, the generators 
themselves being protected by the ordinary Merz-Price 
circulating-current system. When a dead short-circuit 
occurred on the busbars of the second station, which 
was outside the protected area, the pressure on the 
main busbars in the generating station was reduced 
from 6 000 to 2 000 volts, indicating the severity of 
the fault. None of the protective relays tripped, 
indicating that, under those conditions, the balancing 
of the transformers was quite good. I may say that 
it is possible to have stability on generators, and, with 
a slight modification of the Merz-Price circulating- 
current system, it is possible to protect 92 per cent 
of the generator winding with an earthing resistance 
which on a dead fault (phase to earth) will allow full¬ 
load current to pass. With the Merz-Price system it 
is not possible to protect quite so much of the winding, 
but many generators in the country are working with 
the Merz-Price connections and obtaining excellent 
results. We have had many examples of short-circuits 
on the generator with the protective gear not operating 
under the conditions of a straight-through fault when, 
of course, it should not operate, which proves good 
transformer-balancing. The author gives some tenta¬ 
tive figures, but he suggests that it is possible to get 
less than 10 per cent setting on the relay. I suggest 
that it is possible with the system mentioned above 
to get less than 10 per cent. If self-balancing 
i$. applied to the generator the operating current is, of 
course, a definite quantity. It is possible to obtain a 
setting with stability of 60 amperes, and on a high- 
capacity machine this represents a very large percentage 
of the winding protected. Generator reactance limits 
the short-circuit current to reasonable values, but on 
feeder .circuits the 'short-cirpuit current varies very 
much according-to thP edacity of the feeder. In this 
case it is obvious that the smaller the capacity of the 
feeder the higher is the fault current compared with 
the normal capacity of the feeder, and therefore it is 
possible to set the relays much higher on a feeder with 
safety, provided the gear acts quickly, and I do not 
think tiiat there should be any argument on that score. 
It has been proved in practice that, provided the fault 
is cleared quickly, very little damage is done to the 
apparatus which the gear protects. I wish to emphasize 
this point as in my opinion it is an important factor: 
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I have seen breakdowns in which the resulting damage 
was a mere pinhole* On page 568 the author instances 
a case where there is no current on the one feeder and 
a current on the other, and under those conditions 
the relay is operating without restraii^t. In the previous 
section he says that the relay would receive only a 
limited current no matter how severe the fault might 
be. I should be glad if the author would explain these 
apparently conflicting statements. Except in its appli¬ 
cation in this particular instance, has the author used 
in practice the method of d.c. control suggested on 
page 673, and, if so, for what purpose ? I know it has 
been used on the Continent, but I have never seen any 
results of its operation. With reference to the relay 
section of the paper, it has never been our practice to 
use this augmented-contact system on a relay. We 
have preferred to use a “ drop switch,*’ and this has 
found increasing favour with supply engineers. It has 
the advantage that it definitely locates the fault. The 
operator has to go to the relay to reset it by hand, 
and he is therefore bound to know where the fault has 
occurred. The phantom system of auxiliary switch. 


Fig. E. Fig. F. 

which is suggested in the paper, is particularly neat, 
but it seems to me that it is largely a makeshift where 
one is forced to provide something because one cannot 
get auxiliary switches on the oil switch. On page 679 
the author suggests a scheme for the adequate protection 
of a transformer, but of course he is disturbed by the 
transient currents which occur during switching. That 
is. a common difiiculty, which in the past has led td 
very high settings for protective apparatus for trans¬ 
formers. Some time ago a system was designed in 
which during switching operations a fuse was inserted 
across the relay winding for the purpose of temporarily 
raising the setting. This worked very well indeed. The 
author objects to air-gap transformers^ for feeder pro¬ 
tection, but I am very strongly in favour of air-gap 
transformers with a straight-line characteristic. I have 
had excellent results with those transformers and I see 
no reason why their use should be discontinued. Of 
course, one is faced with the problem of increasing the 
sensitivity of the relay. This appears to me to be more 
an imaginary than a real difficulty. People seiem to 
conclude that when a relay is made sensitive it is 
very unstable piece of apparatus. Figs. E and F 
indicate how a relay can be made more sensitive without 
reducing its stability. Fig. E represents an ordinanly* 


constructed armature relay using a conventional form 
of drop-switch attachment. There is an ordinary 
magnetic circuit excited from a single coil, and the 
attracted armature is balanced with a flat balance 
weight. There is also a» mechanically latched drop- 
switch which descends by gravity and completes the 
tripping circuit. This relay, when designed some 
years ago, was considered to be fairly sensitive, 
as on 60 periods it operated with about 0*16 volt- 
ampere. To meet the demands of the balanced- 
voltage protective gear it was decided that a more 
sensitive type of relay should be used. The relay was, 
therefore, modified in the following way, as shown 
in Fig. F. Practically the same iron circuit was used 
as in tlie first case, except that the air-gap at the 
bottom was curved to allow an iron piece to swing 
in the centre. It was seen, of course, that in t)rder to 
balance the relay m the original design and obtain the 
necessary setting, more weight had to be added to the 
pivots instead of balancing the armature itself. In 
the figure th^e armature itself is balanced, and further¬ 
more it swings on a footstep bearing which reduces the 
friction considerably. The same drop-switch was used. 
A friction wheel was introduced and an ordinary strut 
was brought out from the relay shaft, which simply 
held the drop-switch. When the winding is excited it 
pulls the armature round. The results of these 
modifications of design reduced the necessary actuating 
force from 0*16 to 0*005 volt-ampere. The relay was 
quite stable, and has been found to give very good 
results on the balanced-voltage protective scheme. 

Mr. O. Howarth : In regard to d.c. resiraint in the 
case of transformer protection, such as is shown in 
Fig. 22, I should like to know whether there is any 
trouble due to the building-up period required for the 
direct current. Obviously, the flux does not appear 
absolutely instantaneously, and the period will depend 
upon the relative time for the flux to build up and the 
switch to close. Again, in the case of the phantom 
auxiliary switch closing the d.c. circuit in order to 
short-circuit the secondary of the current ixansformer, 
the switch which opens and closes that d.c. circuit is 
liable to have heavy duty, and possibly some trouble 
may occur if the switch is not good enough for an 
inductive circuit. In the case of feeder protection, has 
the author considered the incorporation of a tee off a 
feeder ? I believe it has been done in Merz-Price pro¬ 
tection, so that when any fault occurs the three switches 
come out. A statement’ is made on page 680 that 
sensitive line-fault settings are not required for feeder 
protection. If the protection is carried over feeder 
and transformer, as is done in many cases, then sensitive 
line-fault settings are required. Of course, the makers 
prefer to install the extra apparatus and put separate 
protective gear on the transformer and the feeder, but 
if overall protection can be installed it involves less 
apparatus and less expense. That is more important 
to supply authorities than to manufacturers. In 
Fig. 27 one end of the feeder protective cable is shown, 
the operating winding for the earth leakage being taken 
from the centre of the overload restraining winding on 
the earth-leakage transformer. Does the author find 
it necessary, when he adopts the construction shown in 
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Fig. 1 (c), to use two separate restraining windings 
connected in series ; and does he take the tapping from 
the connection from one to the other ? The reason 
for my question is ^at if the tapping is taken from 
the connection from one limh to the other, then that 
restraining winding will operate under some circum¬ 
stances as an operating winding. I notice that in 
Fig. 41 the author short-circuits the transformers on 
the feeder which is put out of action by means of a 
switch which short-circuits the two outer current trans¬ 
formers. Is that quite satisfactory ? Is the impedance 
of the circuits to the mid-point, as picked out in the 
biasing transformers, low enough to allow of that being 
safely done ? In referring to Fig. 44 the author says 
that the potential transformer has only half the load 
on it compared with the arrangement shown in Fig. 43. 
I shouldrhave thought that it would have been rather 
more than half the load because it has two relays to 
supply, although it does not supply two potential 
biasing transformers. If it does bring the load down 
to half, it suggests that the biasing transformers put 
a rather large load on the potential transformer as 
compared with the relays. The author makes a point 
of the simplicity of the external wiring, but I am not 
sure that much is gained by boxing-in the complica¬ 
tions, as a mistake is very troublesome to locate. One 
of the principal reasons for the installation of protec¬ 
tive gear is to prevent failure of the supply. Most 
modern transformers and generators axe built to with¬ 
stand short-circuits. Makers of protective gear do not, 
I think, alwa 3 rs su£6.ciently realize that the essential 
thing is to clear the fault quickly before the rest of the 
system has been shut down, as will be the case if the 
voltage at the busbars falls to a low value and remains 
low for more than a second. Mr. Pearce referred to 
th testing of protective gear after it has been installed 
and the* last secondary connection has been put on. 
The idea seems attractive, but one does not like to put 
artificial faults on a big high-tension system, because 
they are liable to be as destructive as the real ones. 
It does seem to me that if protective apparatus is 
thoroughly tested out we ought to be able to rely on 
its correct installation and its accurate operation without 
running risks with our supply systems. In conclusion, 
the paper describes what is an undoubted step forward 
towards 100 per cent perfection. 

Mr* S* Ferguson ; The figures in the paper exclude 
th connections between the relays, tripping supply 
and oil-switch trip cods. These connections are well 
understood, but I wish to indicate how increased 
reliability may be obtained by the elimination of the 
relays and these various auxiliaries. Relays and 
separate tripping supplies are looked upon as necessary 
evilsthey introduce complications in the wiring on 
the control board and also many weak in the 

chain of connections, the breaking of any one of which 
will render the protective gear inoperative. Fig. G 
shows the scheme of connections including relay and 
auxiliaries,' whilst Fig. H indicates a scheme of con¬ 
nections possible with a super-sensitive tripping device, 
which is now available. In Fig. G the first source of 
weakness is the tripping battery or independent supply. 
In the majority of substations, primary batteries have 


to be relied upon and are very expensive to maintain, 
requiring constant attention. In generating stations 
a source of supply which is in some way or other 
dependent on the main busbar voltage is frequently 
relied upon. This is unsatisfactory, because when a 
severe fault comes*on the system the pressure is likely 
to .drop and there is not the requisite potential to 
trip the breaker. The second source of wealaiess is 
the fuses, which are necessary if the supply is any other 
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fbfln a primary battery. It is well known that tliesc 
small fuses do not receive the attention which their 
connection in such an important circuit merits. The 
next source of weakness is the auxiliary contacts on 
the breaker and relay. These are usually very light in 
construction and can easily fail to make proper contact. 
This, is especially so if a low-voltage supply is used 
for tripping, as a little dirt between the contacts will 
break the tripping circuit. The next source of weakness 
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Fig. H.—Connectious without relay but with supersensitive 
tripping device. 


is the shunt tfip coil. This is usually designed to 
withstand the pressure of the tripping supply only 
momentarily. If for any reason it is maintained for 
too long a period it will bum out and break the tripping 
circuit. It win be seen from the above that there are 
five weak links in the chain of connections, any of which 
might#fml and render the protective gear inoperative. 
I am convinced that fully 6P per cent of the failures of 
protective gear are due to one or other of these weak 
links in the tripping circuit. The simplified scheme 
shoym in Fig. H is accomplished by employing a super- 
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sensitive trip coil, which is as sensitive as any of the 
ordinary standard relays. This trip coil takes the place 
of the relay and is operated by the fault current direct. 
The basic principle of the design is that when the breaker 
is being closed, either by hand or electrically, sufficient 
njiechanical energy is stored to trtp out the breaker 
when required. All that the fault current has to do 
is to release this stored energy. It is found that a 
current of 26 amperes through a ring-t 3 rpe current 
transformer is sufficient for this purpose. Very few 
systems adopt lower fault-settings than 26 amperes. 
It should be noted that the work to be done by the fault 
current is a constant quantity and not variable with 
the size of breaker, as it has merely to release a definite 
amount of stored energy and this is made sufficient for 
tripping any size of breaker. I believe that in the future 
the tendency will be to eliminate the complications 
indicated in the schemes employing relays and adopt 
the simple tripping arrangement, as it is merely a 
mechanical problem which has now been satisfactorily 
solved. It is quite possible to construct the device so 
that it is perfectly stable even when subjected to 
considerable vibration. I am pleased to note that 
biasing can now be embodied in the transformers and 
not in the relays, as it renders possible the use of the 
above-mentioned simple tripping device. I feel, how¬ 
ever, that biasing is only justifiable, if at all, on a few 
of the very large systems. It would certainly not be 
advisable to apply it to the numerous cases which the 
author has cited. 

Mr. T. W. Ross ; It is not so many years ago siuce 
protective gear was looked upon by nearly all engineers 
as a nuisance. I think that nowadays, however, their 
views have changed, and anything which can improve 
the design of protective gear is always acceptable both 
to the manufacturer and to the operating engineer. I 
am surprised that the author experiences no trouble 
with the internal balance of the biasing transformers. 
When balancing current transformers my* experience 
has been that if any joints are introduced into the 
laminated iron circuit, or if the windings are not 
symmetrically placed round the core, internal balancing 
troubles always ensue. The author says that, owing 
to the small size of the transformer, internal balancing 
troubles are eliminated, and I should be glad of some 
information on this point. If biasing is necessary fer 
the protection of generators—and I do not admit that 
it is necessary—^it seems to me that the introduction 
of such a transformer for this jiurpose, unless it is very 
carefully built, may be a source of.more trouble than 
that which it is supposed to remedy. Designers of 
machines are alwa 3 rs asking for more sensitive protective 
gear to protect the windings much closer to the neutral 
point, but toy experience has been that protective gear 
with a setting which will protect 86 per cent of the 
winding is quite satisfactory. If that is so then th^e 
is no need for biasing, because stability is assured with 
a suitably desigAed relay and a balanced secondary 
circuit. On page 686 there is a series of diagrams 
showing the evolution of the application of the principle 
of earth faults and line faults to the protection of 
feeders. Of course the final result is really a core¬ 
balance protection with the addition of line-fault or 


short-circuit protection. My experience of core-balance 
protection is that three similar carefully-built current 
transformers—and by that I mean that each trans¬ 
former has the same amount of iron in it—^will balance 
correctly, provided no g^at impedance is added to the 
circulating-current portion of the circuit. In order to 
get short-circuit protection the author introduces an 
impedance into the circulating-current portion of the 
circuit. He admits that it is necessary to balance th 
current transformers, but this impedance will upset 
the balance. I realize that there is a similar impedance 
at the other end of the feeder which should counteract 
any such out-of-balance, but I am inclined to think 
that the unbalanced currents may be out of phase with 
each other and may give rise to trouble at comparatively 
small overloads. The author will, of course, answ^ 
that the. biasing transformer will overcome this, but if 
the gear becomes unbalanced at comparatively small 
overloads the biasing will not have any great effect. 
The suggestion of using a biasing transformer as a means 
of providing directional protection is very ingenious. 

I have not studied 'the diagrams very closely but I 
should say that the scheme has decided limitations. 

It seems to me that if directional features are going to 
be used, a dynamometer or induction relay will be 
essential. I regret that no mention has been made 
of the induction relay which has found very great 
favour in the United States and has also had consid^able 
success in this country. Such relays can be designed 
to operate successfully at very low voltages, say 3 per 
cent of normal, at 6 to 10 per cent of normal power. 

If a current element is added it is possible to have a 
relay very nearly approaching a directional current 
relay, With such an instrument protection can be 
provided for parallel feeders, ring mains, or any other 
combination of network with a discrimination which, 
if not so perfect as that in the case of the differential 
system, is much better than that given by plain overload 
and leakage protection. The author mentions that his 
directional relay could be arranged to trip out on very 
heavy loads with forward power. That, I consider, is 
a disadvantage, as all discriminating properties ^e 
immediately lost. I believe that Col, Edgcumbe tried 
that feature some years ago in his relay, but he abandoned 
it as it gave trouble on power networks. On page 686 
the author suggests that a biasing transformer could be 
inserted in the secondary circuit of the ordinary split- 
conductor transformer. As the output of such a trans¬ 
former is usually limited it would be difficult to obtain 
sufficient current to energize a relay from a biasing 
transformer, and apparently the author prefers the 
scheme shown on pages 686 and 687. In this arrange-^ 
ment there are two biasing cores in addition to the 
split-conductor core. To my mind this is a disadvantage* 
as two other transformers which, of necessity, must be 
balanced axe added to the split-conductor transformer 
in which no balancing is necessary. The author admits 
that it is more difficult to balance two magnetic circuits 
than one magnetic circuit, but in this scheme he resorts 
to the former practice to overcome sometMng which, 
as my experience shows, does not exist. With a simple 
split-conductor s 3 rstem having settings of 60 to ^0 
amperes the stability is perfectly good, and I know that 
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such S 3 rstems axe quite reliable in practice. I should 
be glad if the author would indicate what fault settings 
he recommends for the different systems which he 
describes. 

Mr. F. Clegg (cofnmunicat^) : Referring to Fig. 11, 
it is unfortunate that it is necessary to connect such 
a weak link as a potential transformer to the busbars 
of the station, which presumably are not protected. 
The author himself confirms this on page 694. I think 
that everyone will agree with the author's remarks on 
page 674; in fact it is better to have only protective 
transformers on the main lines of the system and to 
avoid meter transformers. I am also in agreement 
with the author that, particularly for large power 
systems, the only t 3 ^e of transformer which it is safe 
to use is the straight-through ring t 3 ^e. On page 680 
the author refers to troubles which are due to stray- 
field effects. I should like to ask him whether he has 
experienced trouble due to induced currents in the 
pilot wires when neighbouring conductors are passing 
large transient fault currents, as he makes a point of 
emplo 5 dng sensitive settings. This trouble has, I 
believe, been experienced on systems where the plant 
capacity has been increased and it has been found 
necessary to raise the fault settings. On page 698 the 
author refers to an important point regarding the 
protection of generators. I think it should be recognized 
that the minimum setting of the relay on the largest 
generator generally determines the limiting value of 
the fault current to earth. In other words it determines 
the current-carrying capacity of the neutral earthing 
circuits, i.e. when the system is equipped with dis¬ 


criminative protective gear. I should like to ask the 
author to what extent results have been affected when 
the circuit breakers have been provided with buffer 
resistances designed to prevent current-rushes when 
switching in. I am, of course, aware that this is no 
remedy for sudden ^changes of voltage when the trans¬ 
formers are in commission, as thq buffer resistances 
are short-circuited when the oil switches are closed, 
but this would also appear to apply to the use of hand 
switches and other devices for introducing a time-lag 
at the instant of switching-in the transformer and the 
subsequent automatic removal of this time-lag. In 
connection with Fig. 34, the author advocates biasing 
windings on split-conductor transformers. I should 
like to ask him whether any actual test has been 
carried out by passing heavy currents through the 
transformer, and whether he found the arrangement 
suitable. On page 577, referring to Fig. 20, which shows 
the application of phantom auxiliary switches, the idea 
of changing the impedance of a coil in the ratio of about 
1: 260 is undoubtedly very ingenious and should enable 
a number of auxiliary switches to be eliminated. It 
also ensures simultaneous operation in the case of three- 
phase switches. It should, however, be remembered 
that there is still in thed.c. control winding one auxiliary 
switch, the failure of which would nullify all that has 
been gained. In conclusion, I should also like to ask 
the author what will happen when the d.c. supply fails. 
Apparently the set of parallel feeders will be brought out. 

[The author's reply to this discussion will be found 
on page 619.] 


^Scottish Centre, at Edinburgh, 11 March, 1924. 


Mr. G. W. Marshall: In my opinion, the biasing 
current transformer is the most promising invention for 
the improvement of standard balanced protective 
systems that has yet been made public. I think, 
however, that it is imperative that independent tests 
of the stability and sensitiveness of these, and of all 
other protective systems, should be made. The author 
makes so light of the question of balance that it would 
appear to be possible to use almost any kind of current 
transformer for Merz-Price work, provided that the 
system was supplemented by a balancing transformer. 
It is obvious that the best results could be obtained 
by using the balancing transformer to the smallest pos¬ 
sible extent. Several speakers in the discussion have 
stated their objections to protective gear in any shape 
or form, but anyone who has had extensive operation 
experience on a large system must realize that continuity 
of supply cannot possibly be maintained on an inter¬ 
connected system without diyscriminative protection. 
Until such times as we can obtain plant, switches and 
cables immune from faults, protective gear is a necessity, 
and it really lies with the manufacturers to get rid of 
the very bad reputation which they have gained by 
selling protective apparatus that is not suitable for 
the conditions under which it operates. So far*as I 
have observed, none of the large manufacturers has 
adequate plant for testing protective gear under shorts 


circuit conditions. The author states that protective 
gear must be stable up to 200 times full load, but in th e 
special case of the delta-star transformer, standard 
Merz-Price circulating-current gear supplied for its 
protection is unstable at less than 10 times full load. 
The experience with protective gear on the system of 
the Glasgow Corporation Electricity Department has 
established the following facts :— 

•“(I) AHemaior protection ,—Complete stability can be 
obtained with rela 5 rs set to operate at 30 per cent 
of full-load current. 

(2) Combined alternators and step-^up transformers .— 

Merz-Price circulating-current gear cannot be 
safely set below 60 per cent of full-load current, 
and the relays must be used in conjunction 
with patkllel fuses if immunity from tripping, 
due to straight-through currents, jis to be ob¬ 
tained. 

(3) Merz-Price balanced-voltage systems .—^The mini¬ 

mum permissible fault setting on feeders pro¬ 
tected in this way is 100 per cent, 

(4) Sfilit-condxictor protection .—It was found that 

the first setting adopted, viz. 16 per cent of 
full load, was too sensitive. Several faults 
were cleared with success before they had de¬ 
veloped between phases; in such cases the 



THE PROTECTION OF ALTERNATING-CURRENT CIRCUITS: DISCUSSION. 61| 


discriminative action of the protective gear is 
perfect. Even with this setting, however, 
faults occasionally seem to start between 
phases, and considerable trouble was caused 
on account of the opening of split-conductor 
cables due to straight-thJ-ough currents. It 
has therefore been necessary to set up the split- 
conductor protection to 60 per cent of full load.- 

The conditions prevailing in Glasgow are such that 
the maximum possible current on the 20 000-volt system 
is approximately 20 000 amperes, and on the 6 600-volt 
system 60 000 amperes (R.M.B. values). On the Glas¬ 
gow system there are 15 alternators, all protected on the 
Merz-Price circulating-current system; 78 split-con¬ 

ductor feeders ; 78 feeders protected on the Merz-Price 
system; and 252 transformers. All these cables and 
machines are concentrated in such a small area that a 
fault on any one piece of apparatus inevitably affects 
all the others, and it is absolutely imperative that any 
fault should be cleared with the minimum delay. In 
idle past 6 years the protective relays have been called 
oh to clear an average of 6 faults per annum, and, except 
for a few instances of defective stability, the action 
of the gear has been fairly satisfactory. The Glasgow 
Corporation has no cause to regret the installation of 
protective gear, in spite of its weaknesses, but every 
step towards complete stability without undue loss of 
sensitiveness will be very welcome. 

Mr. D. Martin : The author states in the summary 
to the paper that biased systems have established them¬ 
selves and are accepted as being superior to any other, but 
''any other*' includes the Merz-Price and split-con¬ 
ductor systems. The author is obviously a follower oi 
Mr. Wedmore, and mentions his name nine times to the 
exclusion of others, but does not that prejudice his case 
somewhat ? His scheme throughout seems to be that 
of adding an additional transformer winding to all the 
previous well-known systems for the purpose of obtain¬ 
ing an electrical bias.’ That appears to sum up what 
may be termed all the original matter in his contribution. 
In so many words it is an alternative to biasing by 
relays, such as is done in the McColl system. Funda¬ 
mentally, therefore, it is not a departure from the 
already tried systems, but rather the addition of a 
complication to them. Is that desirable ? I have no 
experience of the new biased transformer arrrangement, 
but my experience of the Merz-Price, split-conductor and 
other systems is such as to lead me to hope that develop¬ 
ment might be along lines which would retain the sim¬ 
plicity of those older and well-tried systems. It is 
remarkable to note that these older systems have with¬ 
stood and still survive the onslaught of flumerous attacks 
and improvements to the original patents. Indeed it is 
difficult to foresee at present on what lines improvement 
ran take place without utilizing the well-known charac¬ 
teristic of the Merz-Price invention fundamental to all 
protective systems. That leads me to suggest the 
ideal upon which development should take ^lace: 
(1) The elimination or a reduction of the number of 
pilot wires; (2) the elimination of all unnecessary 

parts and connections, i.e. simplicity: , (3) to be as 
equally seniative to faults to earth as to faults between 


phases; (4) stability against heavy straight-thrpugh 

overloads; (6) stability under all working conditions, 
such as switching on to static transformers using heavy 
magnetizing currents; (6) interchangeability of the 

protective transformers ; (7) rel^ to be simple ^nd 
robust. The split-conductor system eliminated pilot 
wires, but there was a little difficulty in balancing short 
lengths of feeders, which affected the stability under 
heavy straight-through overloads, otherwise it^ is the 
ideal for long feeders and satisfies all the above condi¬ 
tions, and is much preferable to parallel feeders under 
working conditions. If extremely sensitive setting is 
desired (and that is still a matter of opinion) then the 
following simple arrangement is available. Mr. Biles of 
Messrs. Reyrolle has brought out a diverter relay system 
in which only two pilot wires are necessary (see Fig. A 
on page 601). This diverter relay does not* interfere 
with the fault setting of the relay until the straight- 
through current reaches a dangerous limit, at which 
the diverter relay operates, bringing into circuit an 
operating relay which latter remains insensitive to 
heavy straight-through currents but still remains 
sensitive to fault currents. This system, wliile it 
involves the use of an additional relay, is thus 
simpler and more reliable or stable than any biased 
type can ever hope to be. Then there is the ].'awssett- 
Parry relay of the sensitive dynamometer type with 
inertia to avoid inadvertent operation on impulses. 

Mr. E. Seddon : We in Edinburgh have decided to 
adopt tliis system of protection for the main trunk feeders 
between Portobello station and the principal sub¬ 
stations on the system. We waited some considerable 
time before adopting any leakage protective gear on 
these cables, and after looking into a number of other 
forms of parallel-feeder protective gear we tame to 
tlie conclusion that the method advocated by the author 
was the best pilotless system developed up to the present 
time. To my mind the biasing principle is the basis 
of all good protective gear. Whether the bias is in the 
beam relay as in the McColl system, or in the biased 
transformer, the result-appears to be the same, except 
that with the biased transformer a simple form of 
relay can be used. Before deciding to adopt this system, 
a temporary set of transformers and relays was con¬ 
nected to protect the cables between Portobello and 
Cowgate substation. Definite faults ^to earth and 
between phases were made on the e.h.t. side. These 
tests proved that the gear was in every way satisfactory, 
and orders were placed for the protection of three sets 
of three parallel feeders and two sets of two parallel 
feeders. , All the apparatus is now installed, and we shall 
shortly make further tests on all this gear by introducing ^ 
definite faults. The fact that the author's biasing 
transformer is buried in compound will be appreciated 
by engineers, as it will thus withstand considerable 
abuse. 

Dr. S. Parker Smith: I do not regard protective 
gear with favour, and I think that it is a pity that it has 
to be used, but just at the present time it seems to be 
an unfortunate necessity. In what way is protection to 
be afforded when a turbo-alternator loses, its exciting 
current, i.e. when the exciter fails ? It seems to me 
that this is a time when protection is necessary, although 
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as a machine designer I should like to think that my 
machine would be perfectly safe even under these 
conditions. 

Mr. H. Trencham: The time spent on the work* 
covered by this papei has been about four years and a 
careful survey has been made of protection in general,with 
the object of getting down to fundamentals and evolving 
something in the way of standardization of protective 
gear so as to eliminate much of the uncertainty which 
exists at the present day in regard to the functioning 
of the apparatus. I should like to say a word in regard 
to protective gear in general. From time to lime one 
or two criticisms have been levelled against us merely 
because of the fact that we have dealt mth other systems 
as well as with the Merz-Price or circulating-current 
systems which may be regarded as peculiar to this 
couiitry-^-but it should be remembered that in other 
countries there are electrical power schemes of quite 
considerable size in which Merz-Price gear has never 
been heard of, and one has also to bear in mind that 
very frequently the idea of protection never enters the 
heads of the engineers handling a job until they are in 
trouble and until they have got the system into such a 
state that it is impossible to apply ideal protective 
gear conditions, and it becomes necessary to do, not 
what one would, but what one can, and hence we feel 
that in dealing with the subject at all we must deal with 
it as particularly as possible and apply our methods to 
every scheme of protection which has shown intrinsic 
merit. 

Mr. F. E. Meade: The object of all protective devices 
is to ensure continuity of supply. Different parts of a 
system such as the generators, feeders, distributors and 
service maiiis require different methods of protection 
because the conditions under which they should be 
switched out of circuit are not the same in each case. 
Only consumers’ service mains call for automatic devices 
actuated simply by overload conditions. Overload pro¬ 
tection in interconnected systems, and particularly in 
generator circuits, is simply conducive to total shut-down, 
and the design of apparatus should be such that it is 
proof against damage from overload. The criterion of a 
fault in a generator working in parallel with others is 
that the machine is no longer supplying power to the 
busbars. Generator trouble may be due to the failure 
of the steam supply, a breakdown between the terminals 
of one phase, breakdown between phases, and failure 
of the exciting current. The first two faults involve 
a reversal of power, but neither the current-balancing 
nor the split-conductor system gives protection unless 


South Midland Centre, at 

Mr, F. Forrest: The simplicity and reliability of 
the circulating-current protective system as applied to 
alternating-current generators has been amply demon¬ 
strated over a number of years, and many of us thought 
that we had reached something like finality in -^is 
matter. I am not satisfied that the application of 
biasing transformers to circulating-current protective 
circuits is justified. It undoubtedly adds to the com¬ 
plication and introduces a number of additional circuits 


a fault on one of the phases develops into a breakdown 
between phases. Failure of the excitation on one 
machine does not result in a reversal of power unless 
this machine drops out of step, and the gear described 
in the paper would not operate until this takes place. 
Has any adequate^ system of guarding against this 
contingency been evolved or been found necessary ? 
The author’s application of the biasing transformer 
should add greatly to the effectiveness of the current¬ 
balancing system for generators and transformers 
where low values of fault settings are desirable. It may 
be pointed out that with the ordinary arrangement 
of balanced transformers where the natural circulating 
current flows in the secondaries, contrary to the state¬ 
ment on page 666, ordinary current transformers may 
be used and measuring instruments included in the 
secondary’ circuit. The greatest care must of course 
be taken that the points across which the relay is con¬ 
nected are suitably chosen (see Fig. 3). It is in connec¬ 
tion with the opposed-voltage protective system for 
feeders that the advantages of the addition of the biasing 
transformer are most clearly seen. Hitherto the trouble 
due to saturation in the transformer cores and conse¬ 
quent difference in the induced voltages has been 
avoided at the expense of decreased sensitivity. On 
the occurrence of a short-circuit on other parts of the 
system, perfectly healthy feeder sections may be called 
upon to carry enormous cuirents for a short time. Even 
if the transformers are perfectly balanced, the large 
E.M.F. induced gives rise to capacity currents in the 
pilot wires. Unless the fault setting of the relay is 
made high, these may cause it to operate and discon¬ 
nect the sound feeder. The use of the biasing trans¬ 
former avoids the additional cost of compensated pilot 
cable, and accurate balancing of the air-core trans¬ 
formers is unnecessary in order to secure immunity 
from incorrect tripping under these severe conditions. 
The author’s statement that the balanced-voltage pro¬ 
tection will be used in the future more extensively than 
the split-conductor system which on some power schemes 
is superseding the former, will probably be challenged. 
The elimination of pilot wires is of such importance that 
the difficulty of obtaining equal impedance in the two 
halves of the split conductor when joints are made is 
relatively a minor one. To obtain sensitivity the split 
must be carried through the switch. Can the author 
say if any development of his system is likely to result 
in the split switch being unnecessary ? 

[The author’s reply to this discussion will be found 
on page 619.] 

Birmingham, 36 April, 1924. 

• 

and connections, the. failure of any one of which would 
lead to trouble. It is of the utmost importance that all 
relays and protective apparatus in connection with a.c. 
generators and feeders should be regularly and sj'stema- 
tically Rested for correct operation, and especially is tliis 
the case where the relays operate with almost minute 
forces. The arrangement shown in Fig. 22 seems very 
complicated and would be rendered unnecessary if all 
transformers were switched in through a charging 
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resistance capable of passing, say, 10 per cent more than 
the magnetizing current. These charging resistances 
are coming more and more into use, and serve the double 
purpose of reducing the current-rush at the moment 
of switching in and the building-up of potential between 
the end turns, which is such a fruitful cause of break¬ 
down. The satisfactory protection of parallel a.c. 
feeders is still one of our biggest problems, and it is 
questionable whether in many instances it is wise to 
couple such feeders in parallel at the substation end. 

If the substation busbars can be sectionalized and the 
load adjusted, as it usually can be, to suit the capacity 
of the feeders, there is very little to be gained by con¬ 
necting the feeders in parallel, whilst the arrangement 
of running isolated feeders has much to commend it, 
especially on a big system. 

Mr. W. Wilson : There is much in the paper with 
which we should all agree. In the first place, few people 
now question the value of protection for alternating- 
current circuits and apparatus. The restriction of the 
damage to a trivial amount consequent upon a break¬ 
down of the installation, and the localization of the trouble 
to the particular section in which it originated, are such 
valuable results that the comparatively small outlay 
entailed by the installation of protective geax becomes 
an extremely cheap fomi of insurance. I vras recently 
able to inspect a portion of a feeder which had sustained 
a short-circuit. Thanks to the balanced protective 
gear the damage was restricted to a small metallic bead 
not much larger than a pin*s head, requiring in the 
present instance only a very small amount of attention 
to repair it. This should be compared with the extensive 
damage that is usually sustained by unprotected lines 
or apparatus when a breakdown occurs. For example, 
a turbo-alternator of, say, 6 000 kVA, or above, can be, 
and usually is, completely burnt out in a space of about 
10 seconds following the development of a fault in the 
stator windings. The author's case in favour of biased 
protection is also a strong one. The protective gear 
must be designed to give satisfactory operation under 
the extreme conditions that are likely to occur in practice, 
and these are represented by the occurrence of a dead 
short-circuit beyond the current transformers, permitting 
the passage of something in the vicinity of 20 times the 
normal full-load vailue of the current. • In this event 
any slight error of balance that exists or can devel»p 
on overload in the current transformers is multiplied 
by the same factor of 20 ; and if the relay is set to trip 
at a comparatively small percentage of the normal 
full-load value, and is not rendered less sensitive at 
liigher loadings by the application of a bias, the magnified 
error is sufficient to trip it at a time when there is no 
fault in the circuit to be protected.* For this reason 
unbiased systems require very high settings to prevent 
them from operating incorrectly upon overloads, but 
are thereby rendered very insensitive under ortoaxy 
conditions. The ‘'resonant" relay shown in Fig. 17 
with a capacity method for increasing the power factor 
of the winding is, in particular, an interesting proposal 
for overcoming a difficult problem. There are, however, 
a number of respects in which I cannot help differing 
from the opinions which have been expressed.. On 
page 662 it is. stated that '* difficulty is met with in 


designing biased rela 5 ^s in forms sufficiently sensitive to 
be operated by the limited energy available, on account 
of the considerable force which they must withstand 
without operating." This is an unfavourable criticism 
of existing biased relays tljat in my Experience is far from 
being justified. If it be supposed that the limited 
energy " is derived from the smallest current transformer 
used in practice, viz. the 40 VA pattern, as employed for 
switchboard ammeters, etc., and that the robust beam 
relay of the McColl pattern with plungers | in. or even 
1 in. square be used, then the scheme possesses the 
following characteristics : The relay is more than strong 
enough to resist any possible force that can be imposed 
upon it in practice, the energy supplied.by the transfomer 
is amply sufficient to operate it, and the protection given 
is of a high degree of sensitiveness. To quote a specific 
instance of the last feature, a dead-ended fe^er when 
protected by an unbiased system on the usual opposed- 
voltage principle may in practice require a leak to 
operate it equal to 260 per cent of the normal full-load 
current. Using the biased system just specified, reli¬ 
able operation will be given for faults equal to only 
6 per cent of the normal full-load current, and the 
limit has not yet been reached in the downward direction. 
These particulars will, I think, compare very favourably 
with the similar particulars given in the paper. I have 
mentioned the McColl system, first because so far as I 
know it is the only one in use, apart from Mr. Wedmore's 
parallel-feeder scheme, which employs a biased relay, 
and secondly because several figures in the paper are 
simply the McColl figures with the biased transformer 
inserted in place of the relay. For example. Fig. 2 is 
equivalent to Fig. 16 in Mr. McColl's paper,* with the 
tw^o windings in the current-transformer circuit removed 
from the relay and placed upon a transformer which 
has a secondary winding actuating a separate relay. 
In connection with this similarity a further point 
should be mentioned. The author h^ rightly enforced 
the necessity for the utmost simplicity and robustness 
ill connection with the design of protective gear. Yet 
comparing these two diagrams it is seen tliat, first, the 
author has added to the simpler one a complication in 
the shape of the biasing transformer, and secondly, he 
still uses a delicate form of relay. The design of the 
latter is shown in Figs. 16 and 16, and I consider that 
it is too finely proportioned and moves tlirough too small 
a distance to be classed as a robust article. With 
regard to the addition of the biasing transformer. Fig. 11 
shows two of these added to a single scheme, while 
Fig. 13 actually shows three additional transfomers, 
which -would presumably make five transformers in all, 
counting the one at either end of the apparatus to be 
protected. Surely the author cannot maintain thaf 
these additions-bear out his ideal of simplicity. ^He has 
evidently great faith in the reliability of transformers ; 
it should nevertheless be remembered that these involve 
the addition not only of numerous windings but also of 
separate leads and joints, and all of these constitute 
additional members of the installation which introduce 
further possibilities of failure. It has been my experience 
I that the current transformers of a protective system 

1 • « Automatic Protective Devices for Alternating-Current Systems,” Journal 

• IJS.JS.,1020, vol.68,p.525. 
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are tfie most likely portions to give trouble, the number 
of cases in which I have found the connections of units 
made by different firms to be wrongly marked being quite 
out of proportion to defects in the rest of the apparatus. 
The author proposes <m page 577 to employ a transformer 
to do the work of an auxiliary switch. He further 
suggests on page 679 that an auxiliary d.c. switch and 
a transformer should be employed instead of the three 
a.c. auxiliary switch contacts in order to render the 
apparatus less sensitive to the initial rushes of current 
that are experienced when switching a power transformer 
into circuit. Now the difficulty attending the solution 
of this problem is to prolong the short-circuiting of the 
protective gear for the few periods after the transformer 
is switched in during which a high transient current 
lasts. The movement of the oil switch from the closing 
of the arc^tips to the final position of the contact is in the 
vicinity of 3 in., and allowing J in. break for the auxiliary 
switches, and a closing speed of 5 ft. per second for the 
main contacts, the time taken by the switch to travel 
this short distance is at most second, which 

represents only one period for a 2o-peribd current. Thus, 
it is practically impossible to avoid by a simple switch¬ 
ing arrangement the effects of this transient switching 
current, as a short-circuit of only about one-period 
duration is not sufficient to exclude it from the pro¬ 
tective gear. It is necessary with the ordinary a.c. 
pattern of auxiliary switch to employ some species of 
time-lag to keep the protective gear out of action a 
few periods longer. It would not appear that tliis 
difficulty is solved by the d.c. switch and transformer 
arrangement proposed by the author. Dealing with the 
reliability of auxiliary switches, it is my opinion that 
these are at least as reliable as the main switches. Con¬ 
sequently 1 am in favour of using them in preference to 
transformers. 1 do not quite follow the author's arguments 
in favour of a statical method for obtaining the bias. The 
great aim in designing protective gear, as with other forms 
of electrical equipment, is to obviate moving parts as far 
as possible, since they are always points of weakness. 
Now it is impossible to do without a moving element 
altogether, since a relay is an essential part of the scheme. 
If, then, the number of moving parts is restricted to one, 
and the number of leads, contacts and statical portions 
generally is reduced to the smallest limits, the maximum 
of reliability will be obtained, quite irrespective of the 
functions of the different parts of the apparatus. For 
example, a relay is no more unreliable because its fulcrum 
has been moved a slight distance from the central 
position, thereby endowing it with a bias. I can appre¬ 
ciate the author's wish to employ a single form of relay 
for every species of protection, but this is by no means 
confined to the system that he has described. The 
McColl ^systems employ exactly the same pattern of 
beam relay for feeder, generator, transformer and parallel- 
feeder protection, the windings and the position of the 
fulcrum only being modified to suit the particular cases. 
A further scheme with special characteristics, in which 
an induction directional relay is used, is provided as an 
alternative for generator protection, and the same t 3 rpe 
of relay is preferable for the distant end of parallel 
feeders since it gives somewhat more complete protection 
than the beam pattern. In connection wi^ the operation 


curves shown on page 665, it would seem that the most 
sensitive operation is given at no load. There is a 
wattless current passing into the apparatus and not 
passing out of it at this value; it thus functions as a 
leak and would trip the relay if the latter operated at 
less than about 5 Jer cent of normal full load at this 
point. With the beam relay it is possible to raise this 
and of the characteristic curve by the adjustment of the 
counterweight, without increasing proportionally the 
settings at other points, an advantage that would appear 
to be wanting with other forms of relay. The author's 
scheme shown in Fig. 32 for split-conductor protection 
seems to me to be immune from the criticisms I have 
made as to complexity, since it possesses one transformer 
only which is connected by a single circuit to the relay. 
This system appears to be excellent, and I was some¬ 
what disappointed to find that the author preferred the 
scheme shown in Fig. 34. I should be glad to know the 
reason for this preference. 

Mr. A. E. Angold : The scheme for using the BfH 
characteristic of iron as a valve," which has been 
so ingeniously embodied in the biasing transformer 
described by the author, deserves a fuller description. 
A somewhat similar application, viz. to magnetic shunts 
for exciter dynamos, was described by Stoney and Law 
in a paper* read before the Institution in 1908, and 
one would have expected the principle to be used for 
a variety of purposes, but probably the losses in the 
iron due to high densities and a.c. excitation are against 
it. In this instance, the author may be paying too dearly 
for his static bias. How much larger does he need to 
make his current transformer in order to provide the 
extra magnetizing current, or to what degree has he 
been obliged to reduce the power in his relays as an 
alternative ? The advantages of his scheme are: 
(1) A static bias instead of a mechanical bias, and (2) 
one coil on the relay instead of two. The disadvan¬ 
tages are: (1) An extra transformer, and (2) larger 
current transformers or, alternatively, a weaker relay. 
The author suggests the use of relays taking " a few 
volt-amperes " and speaks of a relay operated with 
0*6 volt-ampere—^presumably that is the amount 
required to overcome the controlling force. Such relays 
must necessarily be flimsy instruments and therefore 
will offset any advantages gained from the employment 
static bias. With single-element relays taking 
0*6 volt-ampere at 60 periods, the total work done 
would be about 0*02 ounce-inch, that is to say, an 
armature moving 0*1 inch would have an initial pull 
of 0*2 oz. with 0*5 volt-ampere. Disc motor relays 
of the shaded-pole type would do about the same 
amount of work with a 45® movement of the disc. 
This is all used iexe balancing the mechanical controlling 
force and, if the rela 3 rs are to make cont^t with not 
more than 10 per cent increase, the energy available 
for contact pressure would be only one-fifth of these 
figures for the disc relay, and one-third to one-half for 
a magnet relay, assuming the armature of the latter 
to be practically touching the poles at the conclu¬ 
sion of the operation. The author states that it is 
usual to employ more or less complicated means of 
augmenting the contact pressure,, and the above 

^ ♦ Jornwl 1908, vol. 41, p, 286. 
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figures sh.ow how necessary it is to do so. It would 
appear that the more practical way is to put in larger, 
stronger and more efficient relays, providing this can 
be done without making the current transformers too 
large. 

Dr. G. C. Garrard : In discussing the paper I should 
like first to put in a plea for simplicity. Protective 
gear is rather complicated, but it must be remembered 
that as it has to be operated by switchboard attendants 
who are generally not highly technical, the success of 
the gear depends upon its being easily comprehended 
by these men. There is no doubt that the principle of 
the bias applied to protective gear is correct. The 
older systems of balanced protective gear did not 
have this bias principle, consequently their action 
left much to be desired. It must be remembered 
that these unbiased protective systems are no longer 
installed, except in those cases where the purchaser is 
not familiar with the advantages obtainable with the 
biased systems. The author has compared his system, 
in a number of instances, with old-fashioned unbiased 
gear, but it would have been better if the comparison 
had been made with more up-to-date systems. The 
bias may be given to tlie protective gear in various 
manners, mechanically, electrically or magnetically. 
The autlior introduces a special biasing transformer to 
secure this end ; this is a very ingenious method and 
will doubtless give excellent results, but I strongly 
disagree with him in his statement that the resulting 
system scores on the grounds of simplicity. In any 
case it is an additional piece of apparatus. If we 


consider the biasing transformer shown in Fig. 2^, for 
example, so far as I can see this has some 30 terminals, 
and to secure a correct action they must be connected 
up in a definite order. The number of possible permu¬ 
tations and combination^ which <Jan be obtained with 
30 terminals is very large, and I contend that Fig. 22 
is very much more complicated than the system in 
which the bias is obtained mechanically in the relay. 
The author also raised the point that a static apparatus, 
such as the biasing transformer, is not as liable to 
alter in its calibration as is, for example, a relay. I 
do not quite see the point of this argument, as in any 
case the author's S 3 rstem embodies a relay with its 
inherent possible faults. Moreover, a transformer, 
especially if it has an air-gap, has been shown by 
experience to be liable to alteration in calibration, due 
to short-circuits. Further, the author lays stress on 
the fact that he employs only one kind of relay, and 
claims great uniformity. It would appear, however, 
that his system requires various types of biasing trans¬ 
formers for the vmous scliemes of protection. From 
fhiR point of view, therefore, it seems to me that there 
is not much in the author's contention. Further, as 
regards generator protection, it is very often deemed 
essential to protect generators not only against faults to 
the frame but against reversals, or, what is very much* 
more important, against incipient faults due to short- 
circuited turns before these have time to bum through 
the slot insulation and cause a fault to the frame. 
A special relay which will give this additional protection 
is, under these circumstances, justified. 


Mr. A. S. FitzGerald (in reply ): The autlior's thanks 
are due to the various contributors to the discussion, 
and particularly to the supply engineers whose experi¬ 
ence of the operation of protective gear forms a useful 
addition to the available information on the subject. 

General ,—Having regard to the remarks of several 
speakers it would seem desirable to emphasize the 
object of the paper, which is, however, exactly that 
indicated by the title. It is intended to deal with the 
design of apparatus for all the differential protective 
systems which have been used in this country, to a 
sufficient extent to justify their notice in a paper of this 
form, rather than to discuss at length their relative 
advantages and disadvantages. It should be no argu¬ 
ment against the particular method of designing balanced- 
power gear described in the paper that this system of 
protection is not so good as, for instance, a pilot-wire 
system. Whilst it is realized that no engineer would 
install balanced-power equipment if it were possible 
for h im to use a pilot-wire system, there are, without 
doubt, occasions when circumstances justify or (as 
mentioned by Mr. Trencham) necessitate the installation 
of the less perfect equipment. Thus the fact that such 
systems have been installed in a number of cases leads 
to their being dealt with in the paper. In the same 
way, the remarks of some speakers in respect gf fault 
settings, although interesting and an undoubted addition 
to the discussion, do not seem to be relevant criticisms 
of the methods advocated in the paper. If there were 
no demand for sensitive fault settings, the design of 


protective gear would unquestionably be greatly simpli¬ 
fied. The principal object of the paper is to show how 
apparatus can be built which will give low fault settings 
and be at the same time perfectly stable. It is realized 
that the apparatus is not necessarily applicable if heavy 
fault settings are not objected to. 

Captain Donaldson has referred to tlie considerations 
governing the selection of protective gear and has 
pointed out that it is not always justifiable to legislate 
at considerable expense for conditions which seldom 
arise. The provision of protective gear is a form of 
insurance and the amount of money expended depends 
entirely on the j ustifiable risk. Sometimes it is necessary 
to cover every possible chance and to put in comprehen¬ 
sive and extensive protective gear. In other instances 
it is not necessary to do so; yet where equipments of 
the latter category are installed, it is often remarked 
that the apparatus is unsound because it only covers 
the definite conditions envisaged and not every conceiv¬ 
able and less probable class of fault. 

By far the most striking feature of the discussion 
has been the confiict of opinion on general principles 
of design between the users of protective gear on th 
one hand and manufacturers on the other. Many of 
the former complain bitterly of the unsatisfactory 
performance of protective gear and adopt the general 
attitude that protective gear is a necessary evil and 
that the less of it they are compelled to mstall, the 
better for all concerned. In contrast to this attitude, 
the principal comment of manufacturers is that modem 
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protective gear is so nearly perfect that the author^s 
•ejBEorts towards improvement are unnecessary and super¬ 
fluous. The individual, therefore, must judge for 
liimself as to- which of the above standpoints most 
nearly represents thertrue factg of the case. 

The apparent complication of some of the biasing 
transformer circuits has been mentioned. In many 
systems of protection the operating conditions and the 
problems met with are singularly complex, and absolute 
•simplicity can only be achieved by arrangements which 
do not cover every requirement, or which are unable to 
perform with complete satisfaction under severe oper- 
nting conditions. In the held of protective gear it is 
usually the case that the more one is prepared to expend, 
the more simple is the system that may be installed. 


connections in accordance with Fig. J, even though 
highly skilled erectors be not available. 

The author has definitely been at pains, particularly 
in systems of an inherently less simple nature, to arrange 
that such complication as may be unavoidable shall 
reside in the desigif and manufacture rather than in the 
installation and maintenance of the protective gear. 
Mr. Howarth has criticized this policy and it is of course 
realized that in this respect diflerences of opinion are 
bound to exist. Some engineers may prefer to acquire 
and erect, connect and adjust protective systems and 
relays, providing a staff competent to undei'stand thor¬ 
oughly and maintain the operation under all conditions. 
On the other hand, the author feels that the majority 
of engineers will find more convenient a form of protec- 



Fig. J. 


a.nd in cases where the choice of protective gear is 
influenced by the desire to spend a minimum amount of 
money on the same, some degree of complication is a 
necessary penalty which must be paid. 

In the discussion there is inclined to be some confusion 
between complication in the description and explanation 
of the circuits, and. complication in the actual reality. 
Dr. Gerard's criticism of Fig. 22 typihes tliis attitude 
of mind. Fig. J, which gives the practical wiring diagram 
comsponding to Fig. 22, shows that Dr. Garrard's 
animadversions on the subject of 30 terminals are not 
quite to the point. A study of the various wiring dia¬ 
grams given in the paper will show that close attention 
been given to the grouping of the terminals on the 
biasing transformers with a view to facilitating coriect 
ccmnection. It can scarcely be. contended, for instance, 
^^at there is any reasonable possibihty of error in making 


tive apparatus specially designed to relieve them to 
a large extent of this responsibility and in which the 
apparatus is provided in a form requiring the minimum 
of maintenance and attention. 

Stability .far the greatest volume of adverse 
criticism encountered during the discussion has been 
concemedi, not mth any particular arrangement devised 
by the author, but with the fundamental principle of 
design by means of which stability is to*be obtained. 
Supply engineers have in unmistakable terms voiced 
their dislike of protective gear in general. It will 
hardly be disputed that the unenviable reputation 
gainedJby protective gear in the past is more associated 
with instability than with any other shortcoming. It 
is therefore surprising to find so many speakers who are 
still prepared to, attack the principle of the biased 
protective system' as such and to express their decided 
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preference for methods requiring accurate balancing of 
protective transformers. 

The author, as mentioned in the paper, has felt 
] ustihed in assuming agreement with the biasing principle, 
but it would appear that its advantages are still not 
appreciated in many quarters. Thils it seems deskable 
to describe more fully the grounds on which the biasing 
pr in ciple is felt to be the most satisfactory method of 
ensuring stability. The history of protective systems, 
as indicated by personal experience and published 
information, records continual failure to achieve stability. 
That this would not have been the case had biased 
systems been more generally employed is supported by 
the operating experience with such systems. It is, 
however, now asserted tliat, as a result of experience, 
balancing troubles have been entirely overcome. The 
author has referred to the very great responsibility 
assumed by a protective system, and several speakers 
have emphasized this point. It is therefore maintained 
most emphatically that such responsibility warrants a 
much greater margin of safety than is ever obtained by 
balancing methods. 

As mentioned by many speakers in the discussion, 
it is no doubt possible to get current transformers which 
on a “ through current test of a certain magnitude will 
not trip the relay. By how much, however, is the out- 
of-balance current under these conditions less than the 
tripping current of the relay, and to what extent will 
the balance be maintained with greater currents ? 
Wliat will be the effect of any possible change in the 
magnetic circuit over extended periods due to possible 
ageing of the iron or the effect on the transformers of 
handling after testing and erecting ? It is known that 
manufacturers of magnetic steel are very careful as to 
the way in which they handle this material. Balance 
ran ncver be checked after erection except as the actual 
result of faults. It is probably not realized, except by 
those who have actually carried out balancing tests, 
how extremely minute is the physical change in an 
iron core, representing the difference between perfect 
balance and tripping of a sensitive relay, when the core 
is excited by currents of the order of 10 000 amperes. 
Minute movements with air-gap cores, or slight changes 
in closed iron-ring cores due to temperature or varying 
eddy currents, have a very perceptible influence on the 
out-of-balance current under such conditions, a^ 
manufacturers of protective gear depending for stability 
on simple balance will seldom accept responsibility for 
its operation except within definite limits of current. 
Small differences in the protective secondary circuits due 
to lack of symmetry of resistance and reactance may set 
up similar small out-of-balance currents, and l^e possi¬ 
bility of cumulative circuit and transfbrmer differences 
renders the \y‘liole process somewhat hazardous. 

Many instances of perfectly successful experience with 
such equipments can be cited, but so also can cases of 
failure to secure stability, many speakers having referred 
to such instances. Only where a biased system is 
adopted can the element of chance be avoided.^ When 
a biased system is carried out on the lines described by 
the author, there is no doubt whatever as to its ability 
to withstand “ through short-circuit currents, There 
is an ample margin for any contingency, and the more 


severe the fault the more certain is the stability. The 
out-of-balance current necessary to trip a properly 
stabilized biased system when traversed by a current of 
short-circuit value is very large indeed in proportion 
to the maximum divergence encoimtered with ordinary 
current transformers. 

The author's contention is even supported in a measure 
by one of the speakers in favour of balancing methods* 
Mr. Biles, after referring to the absence of difficulty in 
the balancing of transformers, describes a scheme of 
generator protection devised by him in which he finds 
it necessary, in order to ensure stability with low fault 
settings, to employ a diverter relay arrangement. This 
entails extra resistances and double the normal comple¬ 
ment of contacts and moving parts; unless these are 
specially timed the arrangement will not work. It is 
frankly an alternative to a biased system, and pne which 
in the opinion of the author accomplishes its object in 
a much less perfect manner than does the biasing trans¬ 
former. It is difficult to understand how the extra 
complication may be justified unless some difficulty in 
properly balancing the transformers does in fact exist. 

Biased relays. —^Mr. Cheetham agrees with the remarks 
in the paper in respect of the advantages of simple relays 
over the more complicated biased relay. Mr. Wilson,, 
however, prefers the biased relay. The great risk 
inherent in all balanced-beam relays is the possibility 
of sudden kicks (such as might be due to moment^ 
overloads) operating in a restraming direction, causing 
a rebound on to the contact, and this difficulty is not 
always envisaged in attempting to design such relays. ^ 

Design of biasing transformer, —^Mr. Clothier, in. 
comparing the action of Mr. Biles's diverter relay system 
with the operation of the biasing transformer, makes 
a statement indicating that with a biasing, transformer 
the restraint is always present. This is not in accord¬ 
ance with the facts indicated by Fig. 6 and the 
accompanying description. 

Mr. Lipman inquires as to the consumption in volt- 
amperes required to operate the restraining windings, 
and particularly how the biasing transformer may be 
applied to extra-high-tension installations where, due 
to the restricted output of bushing and other fo^s of 
current transformer, little energy is available in the 
protective circuit. The amount of power used in a 
restraining winding in order to prevent operation of the 
relay varies between an amount equal to the operating^ 
volt-amperes and double this figure. The arrangements 
described in the paper are already being built for 
IlO-kV systems. In these instances it has been found 
that the bushing transformer output is comparable with, 
that obtainable at the usual voltages employed in this 
country. Where, however, it is desired to employ th^ 
whole of the bushing transformer output for oper¬ 
ating the arrangement of restraining windings shown 
in Fig. 1 (a) and applied m Fig. 34 is particularly 
suitable, the restraining energy being derived directly 
from the primary. 

Mr. Howarth refers to the method of maJong a imd- 

pomt tapping on a dividing restraining windipg. It may 

be pointed out that where this form is indicated by the 
symbol shown in Kg. 2, the horizont^ windii^ sho^d 
be taken as representing a pair of divided restrainigj 



FITZGERALD: THE DESIGN OF APPARATUS FOR 


coils; thus two pairs of coils will be provided and 
connected in series when a mid-point is desired. 

Mr. Ross questions the statement in the paper as to 
me absence of any difficulty as regards the internal 
balance of the biasing transformer. The facts are 
however, exactly as stated in the paper. These may be 
more fully comprehended if it be recalled that the cross- 
se^on of the core of a biasing transformer is of the 
OTder of l/30th of the cross-section of a t 3 q)ical current 
trai^ormer. Suppose, therefore, that owing to some 
variation in the iron there is 1 per cent difference in 
permeability between the two halves of a biasing trans¬ 
former or between one ring and the other. This wiU 
cause a 1 per cent difference in the total flux. The 
energy developed in the relay as a result of this differ- 
toce will be a constant multiplied by the difference in 
flux; thws this difference will be much greater in the 
case of current transformers than in the case of the 
small biasing-transformer core, where in fact it is not 
found possible to detect such differences. In the 
^tangular type of core, in any case, any difference in 
tne lammations is likely to be b^nced between the two 
sides by the ordinary methods of assmnbly. 

Mr. Angold also refers to the question of the energy 
necessary to provide the static restraint, the figures being 
u^tioned above. The extra output from current 
tr^fonners necessary to overcome the loss in efficiency 
where the biasing transformer is operating as a straight 
transformer is not serious. The figures are given on 
page 673. Moreover, so far as overload restraint is 
roncemed—and this is by far the greater field for fhe 
bia^g transformer—the greater energy is only desired 
under heavy current conditions when ample magnetizing 
current is readily available. 

Mr. Cheetham inquires as to the meaning of the fifth 
paxagraph dealing with the advantages of the use of 
a biasing transformer. This particular point refers to 
^e matter discussed in col. 2 on page 565, describing how 
tl^ saturating effect, of the biasing transformer, even 
when not restrained, limits the maximum current that 
can be reached in the relay winding. Mr. Cheetham will 
tod in Fig. 22 a practical example of the method of 
d.c control suggested on page 573. Fig. 9 is intended 
only for explanatory purposes, and the limitations 
^ntioned by Mr. Lipman are referred to in the paper, 
pie complete connections of such a system are given 
m Section 2^ of the paper, several diagrams being shown. 
Fig. 36; for instance, does exactly what Mr. Lipman 
suggests. ^ 

Dr. Garrard rather surprisingly questions the perman- 
l^ce and robustness of the biasing transformer itself. 

suggests, for instance, that the air-gap in the biasing 
transformer may, by alteration, affect tiie performance 
of the^ apparatus. In tiie first place, a reference to 
Fig 5 will show that any small change in the ak-gap 
will have very little effect on the protective gear, as the 
partculax value of overioad at which the bias begins 
to become effective is not a matter of very great impor- 
Critics of novel apparatus are also sometimes 
rather liable to mention smadl points of this nature with 
a view to questiomng tiie satisfactory operation of the 
gear, without giving the designer reasonable credit for 
carrying out his des^[n in a practical manner. Thus 


although, as indicated, the accurate dimension of the 
air-gap is not in certain biasing transformers a matter 
of great importance, in all biasing transformers designed 
by the author the laminations are pressed hard home 
on an insulating filler carefully cut to the exact dimen¬ 
sions required. Moreover, the biasing transformer is 
on completion made solid with compound. It is only 
by careful attention to such details that satisfactory 
operation of protective gear can be obtained, and it 
is possible that a part of the lack of success of protective 
gear in the past may be attributable to some of the 
more subtle points not having been given adequate 
attention. It would seem, therefore, that Dr. Garrard's 
criticism in this respect is not admissible. He also 
refers to the question of the use of one t 3 ^e of relay 
throughout all the different systems of protection, in 
contrast with the more usual method of designing special 
relays for each system. 

It is suggested by Dr. Garrard that inasmuch as a 
different design of biasing transformer is necessary, the 
standardized relay offers no advantages. He will 
realize, however, that this is not the case if he will 
consider practical methods of manufacture of an appar¬ 
atus such as the biasing transformer, which lends itself 
particularly to standardization of components and 
tools. Thus a single core of a biasing transformer will 
be built of identical components in whatever system of 
protection it appears, and the only variation between one 
biasing transformer and another will be in the windings 
and connections. 

Protective transformers ,—There would seem to be 
little disagreement with the author's plea on behalf of 
bar-primary protective transformers. On tiie other 
hand, a number of contributors to the discussion favour 
the air-gap transformer in lieu of the ring-core type 
recommended by the author. Having regard to the 
frequent comments heard in the discussion as to the 
flimsiness of some of the protective relays extant, it is 
surprising that so little exception is taken to the 
inherent limitations of the air-gap transformer. The 
author recently had occasion to test a typical air-gap 
transformer in comparison with one of his opposed- 
voltage transformers of comparable rating. For given 
primary current the output of the latter in volt-amperes 
was exactly 160 times that of the former. The mere 
fact that the use of the ring core enables a very much 
more robust relay to be employed is, in the opinion of 
author, the strongest possible recommendation for 
its use, anything tending to eliminate the necessity for 
flimsy relays bemg, it is felt, a step in the right direction. 

Relays ,—Arising out of the above remarks, it is note¬ 
worthy how much difference of opinion exists amongst 
engmeers as to ^hat really constitutes a robust relay. 
As indicated in reference to the question gf protective 
transformer design, the author feels that the greater 
the operating forces set up in any relay, and the more 
robust the relay, the better is the protective system, 
other considerations being equal. Several speakers, 
having 4n mind standard Merz-Price feeder protection, 
describe as robust a relay that will give with that 
system of protection a fault setting of several hundred 
amperes. This relay would trip at something not very 
much exceeding O^fi^volt-sunpere. It is a relay of this 
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order of sensitivity ttiat has largely been used by the 
author for operation with the various biasing trans¬ 
formers, and there is no diffiiculty in maldng such a relay 
quite immune from the heaviest mechanical vibration. 
That this class of relay has not in the past been free 
from this trouble is referred to by Captain Donaldson. 

Mr. Angold, on the other hand, who is evidently 
concerned with a much heavier class of electrical appar¬ 
atus, is inclined to regard such a relay as undesirably 
sensitive. There are on the market, however, relays 
such as the Fawssett-Parry mentioned by Mr. Buist 
and that described by Mr. Cheetham, capable of very 
much finer settings than the 0*6 volt-ampere relay, and, 
whilst in the opinion of the author these are much too 
delicate, a certain amount of success has no doubt 
been achieved by them. 

Mr. Wilson criticizes the practical design of Figs. 15 
and 16. These figures are, however, intended more as 
diagrammatic representatives of the principles involved 
than as an attempt at a practical design. Mr. Wilson 
suggests that the balanced-beam relay is preferable to 
the attracted-armature relay, on the grounds that it 
moves through a greater distance. A probable result of 
this is that the operating forces are smaller. It is the 
small air-gap in the attracted-armature relay that gives 
rise to the large forces set up by this class of relay. A 
properly designed armature relay, having light moving 
parts restrained by springs, will unquestionably be less 
affected by mechanical disturbances than the balanced- 
beam arrangement having considerable moment of 
inertia about its fulcrum. 

Mr. Lipman disagrees with the proposal to employ 
similar relays for all purposes, suggesting that it is 
better to have a distinct type of relay for each different 
function so that different classes of abnormality may be 
identified. This may be pleasing but is unquestionably 
an uneconomical proposition, and in any case it would 
seem that Mr. Lipman^s preference could surely be met 
by the use of distinctive name-plates. 

Reference is made in the discussion to the develop¬ 
ment taking place at the present time in respect of dis¬ 
pensing with the relay altogether and utilizing a modifica¬ 
tion of the protective relay, adapted directly to trip 
the switch. Much may be said for and against this, 
practice. The advantages are that it cuts out a definite 
link in the chain of events between the occurrence of 
a fault and its isolation, and as such should provide 
greater reliability. On the other hand, paiiicularly 
where sensitive settings are required, it still suffers 
from the inherent restrictions mentioned in the paper, 
notably in respect of the limited power availabi^e. The 
electromagnetic element therefore is bound to be a 
light affair in comparison with the usual switch mechan¬ 
ism, whether it works contacts or releases a senes of 
mechanical fatches. As such it will require proper 
attention if it is to give satisfactory operation. If it 
is a relay it will be foimd on the front of a panel properly 
protected by means of a cover, having probably a glazed 
front, and will be under constant observation. ^If, on 
the other hand, it is built in the form of a light tripping 
device, it will be buried away somewhere in the switch 
mechanism and may probably be situated in a part of 
the power house where the atmospheric and other 


conditions are less favourable than is the case in the 
position where the switchboard is installed. Moreover, 
it is impossible to adapt a sensitive form of tripping 
device to operate directly the oil-switch tripping 
mechanism. There has to be some <orm of link connect¬ 
ing the electromagnetic element with the standard 
tripping mechanism of the switch. This takes the form 
of a mechanical arrangement controlled by very small 
forces, and, unless very special care is taken in this 
design, it is unlikely to prove any more reliable than 
the conventional methods of using a relay and trip 
circuit. The author is of the opinion that any attempt 
to provide a light tripping device comprising an adapta¬ 
tion of existing forms of sensitive relay will not give 
satisfaction, for the reasons mentioned above. If, on 
the other hand, it should be found possible to devise a 
sensitive relay in a more robust form, and sych that 
it may directly operate the switch mechanism without 
any mechanical amplifying device, then it should be 
very desirable and reliable. 

Phantom atixiliavy switch, —^Mr. Clegg asks what would 
happen in the circuit shown in Fig. 20 if the d.c. supply 
should fail. Consideration of the diagram will indicate 
that the most conspicuous result would be the impossi¬ 
bility of opening the oil switch if the tripping supply is not 
available. The effect on the protective circuit of failure 
of the d.c. supply would simply be identical with that 
of failure of an ordinary auxiliary switch to close, 
i.e. that the normal circulation of current would be 
impeded by the reactance of tlie cun*ent-transformer 
secondary windings, and that the protective relays might 
be operated by “ through overloads, it being assumed 
that the oil breaker on the feeder concerned is open and 
that the neighbouring feeders are carrying load. 

Generator protection, —^Mr. Cheetham refers to the 
method of protecting a generator on the circulating- 
current system with an earth relay in the neutral lead. 
This is quite a desirable arrangement, and the principle 
of separating earth faults from other faults is fully 
exploited in the paper. It should not be forgotten, 
however, that a divergence between the magnetic 
characteristics of one transformer and its two neighbours 
will set up out-of-balance currents even in leakage 
relays, unless the balance is perfect or the device properly 
stabilized by employing a suitable biasing feature. It 
will be noted from the paper that all leakage relays 
operated by three current transformers are provided 
with overload restraint, on the occurrence of heavy 
** through faults, to take care of this. 

Several speakers refer to the protection of generators 
by reverse-power apparatus against failure of the field. 
The scope of the paper, it will be recalled, is defined as 
covering only differential systems of protection, under ^ 
which reverse power protection may hardly be classed. 
Moreover, the failure of the excitation is npt such a 
serious emergency as a fault in the machine windings. 

General dislike of potential-operated protective gear 
has been evinced during the discussion, and it is open 
to question whether such methods of protecting genera¬ 
tors are really worth while. It is the standard prac¬ 
tice in automatic stations to protect all large machines 
with a low-field-current relay, and this would seem to be^ 
suitable and simple method of accomplishing this object. 
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Transformer protection. —^Mr. Howarth refers to the 
desirability of low fault-settings, where a transformer 
is protected by circulating-current balance between 
primary and secondary windings in order to give adequate 
protection on the oQcurrence of faults between turns on 
a single winding. It is doubtful whether any great 
degree of effective protection can be given from faults 
between turns, except in the more improbable case of 
their embracing a large proportion of the total winding. 
Mr. Ratcliff, for instance, recommends the separate 
protection of the primary and secondary windings of a 
transformer. By so doing, he avoids any dif&culty due 
to the magnetizing current, yet at the same time with 
such an arrangement no protection is given from faults 
between turns. 

Mr. Howarth also makes a pertinent inquiry in respect 


the paper, the author is of the opinion ^at every 
contact saved is a step in the direction of reliability. 

Reference has also been made to the possibility of 
reducing the amplitude of the magnetizing-current 
transient by charging resistances. There is much 
difference of opinion, however, as to the desirability of 
fhift device from the point of view of reliability and 
safety of the oil switch, and the author feels that there 
is a distinct field for the device described. 

‘Wilson refers to the question of the effectiveness 
of the arrangement from the point of view of duration 
of the disturbance. In general, the larger the ^ans- 
former the greater is the duration of the magnetizing- 
current disturbance. In the case of plant of large 
capacity, one would expect in almost every case elec¬ 
trically-operated oil circuit-breakers, in which case the 



of the growth of the direct current which is employed 
in the circuit shown in Fig. 22, to prevent operation of 
the relays due to the magnetizing-current transient on 
switching on. Owing to the entirely unknown extent of 
this trouble in Cerent installations, it is usual to supply 
a resistance having a number of tappings for connection 
in series with the d.c. restraining winding. The object 
of this is two-fold: first, to ensure that the direct current 
shall ^ow instantly to its full value, the importance of 
which is pointed out by Mr. Howarth, and secondly, to 
enable the extent of the d.c. bias to be suitably adjusted 
in accordance with the magnetizing characteristics of 
the transformer protected. Mr. Cheetham refers to a 
similar scheme by means of which fuses are automatically 
connected in parallel with the relay windings while 
the transformer is being switched in. This leads to a 
triple-pole auxiliary switch, however,' and, as stated in 


connections shown in Fig. 22 would be employed. 
With this arrangement, the control switch may be 
held on as long as desired, the full sensitivity of the 
protective circuit only being restored when the control 
switch is released. It is generally only the first two or 
three periods of the magnetizing-current transient which 
are of serious amplitude, and, where hand-operated oil 
switches with special auxiliary switches are employed 
—this arrangenient being more commonly found on the 
smaller transformers—the d.c. circuit remains energized 
for a sufficiently long time to avoid tripping of the 
relays, even if the magnetizing current has not quite 
reached its steady value. 

Combined, protection of generators and transformers .— 
Mr. Ratcliff and -Mr. Marshall have referred to the 
inherent difficulties of undertaking the combined protec¬ 
tion of generators and transformers on the circulating- 
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current system. These are associated with the fact that 
in the event of the alternator suddenly losing its load 
it is impossible to prevent a transient rise in pressure. 
With modern highly saturated transformers, such a rise 
may cause an enormous increase i|i the magnetizing 
current. So far as the circulating current is concerned, 
this is definitely a difference current and corresponds to 
a fault. In the case of the Manchester Corporation 
generators, an increase of 20 per cent in the pressure 
resulted in a tenfold increase in. the magnetizing current. 
The difiiculties of protecting such an arrangement are 
therefore obvious. 

Figs. K and L show respectively the schematic and 
practical diagrams of a suitable circuit for protecting 
a combination of star-delta transformer and generator. 
Owing to the magnetizing current difficulty it will 
hardly be possible, without complicated arrangements 


magnetizing currents. In order to avoid additional sets 
of current transformers, a summation transformer is 
employed in order to arrange discriminating protection 
in respect of earth faults fed through the current trans¬ 
formers which are connected in delta. In other respects, 
the diagram is, no doubt, self-explanatory. The 
summation transformer is incorporated in the biasing 
transformer itself, and the practical diagram is as simple 
as can reasonably be expected, having regard to the 
scope of the protective circuit. 

Opposed-voltage system— The opposed-voltage protec¬ 
tive system described in the paper has been adversely 
criticized by several speakers, who show a marked 
preference for the air-gap type of transformer, and it 
has been suggested that the combination of ring-core 
transformers and biasing transformers has no advantages 
over the elementary circuit with air-gap transformers. 



involving potential, to maintain sensitive fault-settings 
on any circuit in which the magnetizing current differ¬ 
ence is likely to appear. In the present arrangement, 
therefore, one triple-pole relay is provided which either 
will have fault settings sufficiently high to be clear of 
any magnetizing current disturbance or, as an alterna¬ 
tive, may be provided with a suitable^ time-lag. This 
relay will be operative on the occurrence of faults 
“betw.een phases on the generator, transformer primary, 
or transformer secondary, windings. A further single¬ 
pole relay is provided which, as may be seen 6 : 0 m the 
connections, will be tripped only by an earth fault on 
the generator or transformer windings. Neither of the 
relays will be directly affected by line, or earth®faults 
which may be fed by the plant protected. Both are 
provided with overload restraint in order to ensure 
immunity from operation, due to current transformer 
divergence, The earth-fault relay not disturbed by 
VOL. 62. 


The question of transformer design has already been 
gone into, but the author would emphasize that the 
whole point of using the biasing transformer and solid- 
core transformer resides in the fact that with such an 
arrangement (after making allowance for energy lost 
in the restraining windings) for any given primary 
earth-fault current the opposed-voltage system described « 
in the paper will deliver into the pilot-wire circuit rather 
more than '50 times the volt-ampere output whidh can 
be given by the multi-gap type of transformer. These 
are actual test resultsj utilizing in each case transformers 
of similar rating. Inasmuch as for equivalent perform¬ 
ance a heavier relay may be used in the one instance 
than in the other, it is maintained that this advantage 
alone more than outweighs any of the aspects of the 
arrangement which have been criticized. « 

Several speakers have discussed the question of 
simultanebus earth faults and their effect on this class 
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of protective gear. This has been dealt with in the 
paper and it would seem desirable to make more clear 
the relation between these operating conditions and the 
design of the opposed-voltage system. The opposed- 
voltage system as described chn be made immune from 
incorrect operation due to through earth faults not 
limited by the value of the earthing resistance, with 
fault settings well below 100 amperes. The main 
advantages accruing from the particular form of circuit 
employed, i.e. with separate earth-fault and line-fault 
relays, is that it enables ring-core transformers to be 
employed without these operating on open circuit. 
This fact alone enables much more sensitive settings for 
earth faults to be obtained with a less sensitive relay, 
apart altogether from the question of the possible 
fault-seeing in respect of stability. 

Several speakers have drawn attention to the additional 
difticulties which are experienced in applying a differential 
system of protection to e.h.t. cable systems, in that, as 
mentioned by Mr. Clothier, the charging currents met 
with are a direct exception to the principle on which 
differential protection has been based. There are 
various obvious methods of meeting the difficulty, but 
at the present time it is impossible to say exactly 
which practical solution will be found to combine efec- 
tive operation with the desirable simplicity of apparatus. 

Mr. Biles describes an application of his diverter 
relay system to an opposed-voltage protective circuit. 
The diverter relay principle has already been dealt 
with. Mr. Biles’s scheme may be analysed as follows : 
H has devised a modification of the protective circuit 
described in Fig. 24, in which only a 2-core pilot cable 
is installed. The circuit is interesting and possesses 
certain advantages, though it is doubted whether it 
will be possible fully to exploit the saving of one of the 
pilot cores, as pilot cables are so often installed before 
the protective gear is finally decided upon. In utilizing 
the one relay energized separately by eartli faults and 
line faults, there is not the advantage residing in the 
arrangement described in the paper and having separate 
relays, in that in the latter the settings for earth faults 
and line faults may be adjusted independently, and, 
moreover, a definite indication is given as to which 
class of fault has occurred. A study of Mr. Biles’s 
scheme appears to indicate that there is a critical value 
of simultaneous earth fault and line fault which would 
set up E.M.F.’s in opposition and might not prove 
operative. This is a remote case, however, and Mr. 
Biles is no doubt justified in ignoring it, Mr, Biles 
points out that the complete scheme has the same 
number of relays as the author’s proposed scheme, 
but if biasing transformers were used there would only 
need to be two relays instead of four in Mr. Biles’s 
scheme." Whilst, therefore, there is no reason whatever 
to suggest that Mr. Biles’s proposals will not prove 
effective, it does not seem reasonable to claim that any 
arrangement of diverter relays is as simple or likely to 
prove as reliable as the arrangements described by the 
author, where the additional functions are performed 
with static gear. 

« Mr. Ross discusses the practical design and operation of 
the opposed-voltage circuit described. The difficulties en¬ 
visaged by Mr. Ross do not, however, occur in practice. 


Split-conducior system .—The author’s proposal to 
embody overload restraint in a split-conductor trans¬ 
former has met with a good deal of opposition on the 
lines which have already been mentioned in the reply. 
Such speakers hav^^ most emphatically declared that the 
split-conductor system is absolutely faultless in opera¬ 
tion, whereas other speakers who have referred to 
split-conductor gear have mentioned cases where it has 
been found to trip on ” through ” faults. It is therefore 
again the fundamental question of balanced versus 
biased systems. With balanced systems it is no doubt 
possible to get a very large degree of success, but there 
are quite sufficient cases of failure to have been men¬ 
tioned several times in the discussion. Thus it is felt 
by the author that the employment of a definite stabiliz¬ 
ing influence, whereby certainty of successful operation 
—^so far as immunity from tripping on through ” 
overload is concerned—is ensured, is by no means 
uncalled for. 

Parallel-feeder systems .—^Mucli has been said in the 
discussion as to the disadvantages of parallel-feeder 
protective systems in comparison with pilot-wire systems. 
This point has already been dealt with. 

A most surprising feature of the discussion is the 
number of speakers who have indicated their impression 
that parallel-feeder systems in general are of no practical 
importance. As Mr. Trencham rightly points out, this 
view seems to be associated with a certain amount of 
insular prejudice, such systems having been used to a 
large extent abroad. 

The author recently communicated with one of the 
principal designers of protective gear in the United 
States in respect of the general status of parallel-feeder 
protective gear in that country. He was advised that 
parallel-feeder systems are regarded as a standard method 
of protection for large networlcs and tliat there is at 
present no sign of their losing popularity, the experience 
gained with them being very satisfactory. The au^or’s 
informant indicated that definite records are available 
of over 1 000 installations and that the actual number 
of equipments was several times this figure ; this being 
the case, it is no doubt obvious that the attitude of 
certain speakers is hardly tenable. 

The general criticism is that parallel-feeder gear is 
likely to be disturbed by load currents. This difficulty 
Vas no doubt experienced during the initial development 
of some systems of tliis nature, but this particular point 
and its effect on design is gone into very fully in the 
paper. If this be adequately studied, it will be seen 
that the difficulties mentioned by the various speakers 
axe explained and carefully avoided, 

Mr. Leeson ^describes a semi-automatic scheme for 
tlie protection of parallel feeders. This, however, is 
not directly comparable with any of the schemes described 
in the paper in which the maintenance of continuity 
of supply is considered to be an essential feature, 
Mr. Leeson’s arrangement, on the other hand, does not 
prevent a shut-down. Moreover, a close study of 
Fig. ® shows that a potential transformer is indicated 
in an inconspicuous manner, although this is not men¬ 
tioned in the text. If the potential transformer is 
existing there is, of course, no reason why it should not 
be used; but having regard to the remarks of Mr. Clothier 
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and other speakers on the subject of potential trans¬ 
formers, it seems very doubtful whether their installation 
purely for the object indicated in the figure is justified. 

Separate treatment of earth faults and line faults ,— 
Mr. Trencham emphasizes some of the practical advan¬ 
tages of this principle, and shows how the extension of 
the same to the design of switchgear itself might lead 
to enormous reduction in the required rupturing capacity 
of oil circuit-breakers, and thus in their cost. Lieut.-Col. 
Edgcumbe also supports this principle but prefers. 
leakage arrangements involving direct or primary 
core-balancing instead of arranging leakage connections 
in the secondary circuit of the current transformers. 
It is, however, purely a question of circumstances, and 
in a large number of practical cases it proves to be a 
convenience to energize the protective apparatus from 
current transformers installed in accordance with 
conventional cellular arrangements. We have, then, 
systems of protection which may, without modification, 
be applied to a new system without deranging the 
existing connections. Moreover, the trifurcating box 
is included in the protected zone. Where a core-balanc- 
mg transformer is designed to embrace all three phases, 
it will either be installed on the cable itself—^in which 
case it will not include the trifurcating box in the 
protected zone—or it will be necessary to bring tliree 
insulated primaries through one transformer beyond the 
cable box, where to a large extent present practice 
favours phase separation. 

Another advantage of separate earth-fault and line- 
fault settings is brought to light in dealing with Mr. 
Howarth's query as to the question of tee loads. 
Wherever it is desired to put a small tee load on any 
feeder protected by a system in which separate earth- 
fault and line-fault settings are employed, no modifica¬ 
tion need be made to the protective circuit nor need 
extra transformers be installed. The line-fault setting 
may be sufSlciently liigh not to be affected by the 
difference current represented by the small consumer. 
The earth-fault setting will not be affected by any load 
drawn from the line in this manner. The arrangement 
will, of course, clear faults originating in the tee connec¬ 
tion, but will not be affected by any condition of load 
if the respective lines are sound. 

Fault settings ,—Several speakers have inquired as to 
the fault settings that may be obtained with the 
apparatus described. Utilizing in every case a relay of 
. any desired pattern capable oJ^ operating with 0*5 volt- 
ampere, the following performance is being obtained *:— 

* In every case, except the opposed-voltage circuit, the figures given refer 
to the use of standard current transformers. 


For generator protection, faults of 6 per cent may 
be cleared. This figure could also be obtained with 
transformer protection if the primary and secondary 
windings are separately protected. • 

For overall protection "^of a transformer, in which 
magnetizing-current differences are met with, it will 
probably prove desirable not to employ such small 
settings. This depends to a large extent, however, on 
the nature of the system on which the transformer is 
installed, as magnetizing-current transients other than 
those occurring during switching are largely determined 
by disturbances in the system pressure. 

With split-conductor systems there will be no appreci¬ 
able change in the fault settings now being obtained, if 
the overload restraining feature be incorporated. 

In both the balanced-current and balanced-power 
S 3 rstems for the protection of parallel feeders, the relay 
will be operated by earth faults which set up difference 
currents equal to 20 per cent of the feeder rating. For 
line faults, as has been mentioned, higher settings 
exceeding normal loads axe desirable. 

In the case of the opposed-voltage system—^this 
being definitely the most successful of any of the systems 
described in the paper—a special design of current 
transformer has been made to enable the best possible 
fault settings to be obtained. For an 11 000-volt 
system this transformer is about 7 inches in diameter 
and about 7 inches long, and fault settings of the order 
of 60 amperes may be obtained on feeders of average 
length. 

Costs. —Mr. Woodhouse inquires as to the cost of 
protective gear of the nature described in the paper. 
It will no doubt be appreciated that it is very difficult 
to give definite figures of cost for different classes of 
protective arrangements, owing to the diversity of 
conditions met with. It may be definitely stated, 
however, that in none of the schemes described in the 
paper is it found that the total cost exceeds that of 
corresponding unstabihzed protective gear. 

The cost of tlie biasing transformer is not heavy, 
owing to the manner in which it peculiarly lends itself 
to standardization. This cost is amply balanced by 
savmgs in other directions, such as the avoidance of 
the use of expensive and highly sensitive relays, 
elimination of the anti-capacity sheaths in pilot conduc¬ 
tors, and the avoidance of the necessity of balancing 
transforniers. Moreover, the arrangements described 
lend themselves more easily to economy as regards 
spares and replacements, owing to the fact that standard 
transformers may be drawn from stock without having 
to be specially made and balanced. 
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THE RISE AND DISTRIBUTION OF TEMPERATURE IN SMALL 
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(Paper first 
Summary. 

The paper deals with the factors infiuencing the shape 
of the heating and cooling curves of coils and electrical 
machines. The thermal conductivity of the insulation is 
calculated by alternative methods from the distribution of 
temperature in coils : and the effects of different temperature- 
lises and of different air velocities upon the thermal conduc¬ 
tivity and upon the temperature-rise per watt are considered. 
A new arrangement for measuring the mean temperature- 
rise of field windings is described. The temperature-nse 
of the field windings is deduced in terms involving the speed 
and the armature loss for a number of different machine^ 
and a comparison is made of the temperature-rise as measured 
by resistance with that measured by thermometer. 


the voltage constant. In. the former case, the rate of 
heat generation increases with time owing to the in¬ 
crease in the resistance of the copper; whilst in the 
latter case the rate of heat generation decreases. The^ 
effects of these changes will now be considered. 

Heating equation when current is kept constant ,— 

Let H = energy in joules to raise temperature of 
coil 1 degree C., 

Wi = initial power generated in coil, 

= final-temperature that would have been 
reached if power remained at Wi, 
and T = corresponding time-constant, 


Table of Contents. 

iT Heating time-constant; effect of various factors ; 
comparison with test-results. 

2. Cooling tests on field coils; cooling time-constant. 

3. Distribution of temperature in a coil; deter¬ 

mination of the thermal conductivity of the 
insulation. 

4. Relation between the maximum and the. mean 

temperatures; simple methods of calculating 
the difference between the maximum and mean 
temperatures. 

5. Variation of temperature-rise per watt with 

temperature-rise. 

6. Effect of forced draught upon temperature-rise 

of a coil. 

7. A new arrangement for measuring the average 

temperature-rise of field windings. 

8- Heating tests on field coils of nine different 
machines; effect of speed and of armature loss. 
9. Comparison of temperature-ri^es by resistance and 
by thermometer. 


1. Heating Time-constant. 

When heat is generated at a uniform rate in a coil, 
and the rate of heat dissipation is proportional to the 
rise of temperature above the surrounding medium, the 
temperature-rise after a time t is given by :— 


In coUs used on electrical machines and apparatus, 
however, the rate of generation of heat seldom remains 
constant, it being usual to keep either the current or 


* Th<! Papers Cpnunittee invite written communications (with a view to 
“buhlicatiou m the Jwfnal if approved by the Conunittee) on papeiv pubUsl^ed 
in the Journal without heinif lead at a meeting. Goromumcations should reach 
the Sewetary of the Institution not later than one month after puhiication of 
the paper to which they relate. 


then TWx «= ]8H 


H = 


TWi 

T 


If di be the temperature-rise after a time t secs., the 
power generated in the coil at that instant 

= Tri(l + adt) 

where a = temperature coefficient of resistance. 

If k == power dissipated by coil per degree C. rise 
of temperature, then 

Will + a6t)dt = Jcdtdt -H Hd0 

If d be the steady temperature-rise of coil when current 
is maintained constant, then 

TFi (1 “h CL6)dt == kOdt 

, Wt(l + a^) 

• k - Q 


Substituting for J& and H in the above equation we 


have:— 


Wi(l + aiSt)dt = edt + 


TWi 


dO 


* dt e d9 

from which y “ ^ 


Whe^ 

Hehce 


.-.l^-^iogAe-en + A 

0 

t = 0. = 0 ; 

t 6 e 
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But 

and 


Hence 


he = 1^1(1 + aB) 

•.|=l+a0 


et = e{i- e-tini+as)^ 

Consequently the effect of increase of resistance is to 
increase both file temperature-3dse and the time-constant 
by (1 -i- aO), but the shape of the curve is not affected. 

Heating equation when voltage is kept constant .— 
Using the same symbols as before, we have for a tem¬ 
perature-rise dt, power generated in coil = Tfi/(1 + aOif 
and A; = Tri/[0(1 4-a0)]. 


W, 


-dt —-rT 




Btdt -h 


TWx 


dd 


from 


' ^ i8 


Since a^dO^ is negligibly small in comparison with 
+ 0t)} for the temperature-rise permissible in 
coils, we have :— 

BT 

dt(e-dd^-jdje 

... Bt = e{i - e-mm) 

But = Wi 

and kd - 


and 


I 

dt 


1 -|“ oS 
1 

1 H- aff 


■<(l + aO)/!r} 


Hence the effect of increase of resistance is to 
decrease the temperature-rise and the time-constant 
by 1/(1 + ad), but not tp alter the shape of the curve. 

Pfedetefinination of the heating time-constant. —If the 
effect of the insulating covering on the wire and of the 
air in the interstices be neglected, the value of T can 
be calculated thus :— 

Let N = number of turns on coil, 

I = mean length per turn in cm, 
a = sectional area of wire in cm^, 
p = resistance per cm cube of copper at initial 
temperature, 

s = specific heat of copper, 

D =: density of copper, 
i = current density in amperes per mm^, 
and I = current in amperes. 

Then power generated in coil — 

But T X initial power generated = 4-2 x number 
of calories to raise the tempe^rature by j8 deg. C 

. that is, l-is = 4 . 2NlaD8^ 

„ 4-2Ds, 

T — 


p \J/ • 

Taking the average initial temperature as, say, 16® C., 

p = 1-6 X lO-'U + 0-0043 X 16} • 

= 1-71 X 10-« 


Also, D = 8-9, and s = 0-094, 


1-71 


205jS 

^ 3®42j8 


seconds 

minutes 


It is often more convenient, however, to determine 
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the temperature-rise per minute in terms of the current 


density; thus 




0-292t« 


5C 3-42 

If the current be maintained constant, 

e 




1 +ad 


Z- (1 + ad) 


d 


initial temp.-iise per min. 
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Sifiiilarly, if the voltage be maintained constant, 

jS = e(l + ad) 

T 3*420 


initial temp.-rise per min. 

Comparison of test results with the above expressions ,— 
Tests were carried out on a jumber of coils, some being 
suspended in air and others being in position on the 


values of 0 and and calculating the values of 0{ 

for different ratios of in the equation 

0 ^ =s 0{l — c-ViTact*}, the values of 0 and being 
varied to give values of 0^ as nearly as possible the 
same as those obtained from test. It was found im¬ 
possible to get relisfole and consistent results by drawing 
a tangent from the origin. 

Cooling Tests on Field Coils. 

Readings were taken of the resistances of field wind¬ 
ings of machines F, G, H, I, J and K after the exciting 


Table 1. 


(1) 


(a) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9). 

(W) 

Field coil 


Heating (H) or 
cooling (C) 

Initial current 
density 

Initial 
temp.-rise 
per min. 

Temp.-rise 
by resistance 
(- ddeg.C.) 

e -r initial 
temp.-rise 
per min. 

Heating or 
coaling time- 
constant 
from test 

Ratio 

Col. (8) 

Col. (7) 

Value of T 
from col. (8) 

r S 

mm* 

0*292 

H* 

amps./mm* 

2*19 

1*4 

40 

28*6 

66 

1*92 

63*8 . 


0*292 

Ht 

1*64 


24*7 

35*8 

69 

1*93 

63*0 


0*3973 



4*67 

76 

16*1 

33 

. 2*05 

43*0 


0*3973 

Ht 

2*77 

2*24 

72*5 

32*4 

60 

1*85 

46*5 

r 

0*268 

Ht 


1*28 

69 


82 

1-62 

64*2 

F \ 

0*268 

Ht 

1*868 


54*6 


78 

1*46 

64*1 

1 

0*268 

c 

— 

- 

68*7 

— 

67 

— 

67*0 

f 

0*3167 

Ht 

2-62 


86 

45*7 


1*46 

60-0 

G J 

0*3167 

Ht 

2*21 

1-43 

67 

46*9 


1*32 

48*9 

1 

0*3167 

Ht 

1*58 


31 

42*6 

66 

1*32 

49*8 

1 

0*3167 

C 

— 

- 

54*7 

— 

72 

— 

72*0 

•f 

0*466 

Ht 



76 

73*9 

112 

1*616 

86*1 


0*456 

H t 1 

1*318 


35 

69 


1*61 

91*2 

1 

0*466 

C 

— 

— 

57*4 

— 

78 

— 

78*0 

f 

0*466 

Ht ' 

2*195 

1*405 

86 

61*2 

99 

1*62 

73*6 

I J 

0*456 

Ht 

1*865 

1*015 

68*5 

67*5 

116 

1*70 

90*2 

^ 1 

0*466 

Ht 

1*318 

0*507 

32*6 

64 

106 

1*66 

93*8 

1 

mBsm 

C 

— 

— 

56*6 

' — 

86 

— 

86*0 

f 

0*456 

Ht 

2*04 

1*215 

75 


100 

1*65 

76*9 

J 1 

0*456 

Ht 

1*37 

0*548 

41 

74*8 

108 

1*445 

92*7 

t 

0*456 

C 

— 

— 

76*2 

— 

76 

— ‘ 

75*0 

1 


Kt 

2*0 

1*165 

84*5 

72*6 

86 

1*187 

64*3 

K < 


Ht 

1*61 


68*6 

87-& 


1*218 

86*6 

■ { 

nil 

C 

— 

— 

63*2 

r 

— 


— 

70*0 


Constant voltage. t Constant current. 


poles of d.c, machines. For convenience, the different 
coils have been jdesignated A, B, etc., the particulars 
of the windings, etc., being given in the Appendix. 
It was found' that fairly close agreement with the ex¬ 
ponential law was obtained so long as the armatures 
were stationary. When the armatures were rotating, 
however, the shape of the heating curve for the field 
winding was modified very considerably. Typical cases 
of this effect are shown in Figs. 1 and 2. 

The values of the actual heating time-constants for 
the coils have been determined from heating curves 
with armature stationary and compared with the 
values obtained from the above expressions, the results 
being incorporated in Table 1. The value of the time- 
constant was determined in each case by assuming 


currents had been switched off, the coils having attained 
steady temperatUres. During the heating tests pre¬ 
ceding these cooling tests, the armatures of all the 
machines were stationary. The resistances were 
measured at frefpent intervals by a Post Office box, 
and the corresponding temperatures calgulated. The 
difference of temperature between the coils and the 
air, after correction for any variation of the room 
temperature, has been plotted for each machine in 
Figs. 3, 4 and 6. It will be obvious that the cooling 
time-C9,nstant will not be affected by any variation in 
the resistance of the copper and may therefore be 
expected to agree with the value of T calculated in 
col. (10) of Table 1- On comparing the cooling curves 
with the nearest values obtainable from the expression. 
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ff — $€-^1'^ it was found that agreement was fairly 
good during the first cooling period, but afterwards the 
divergence became comparatively large. The following 
figures for machines F and K are typical of the results 
obtained :— 


Machine F (T « 67 mins.) 

Machine K (2’ =» 70 mins.) 

t 

Qt ^ dc-z/a* 

Bi from oiTve 

t 

Bt « B€’-t/T 

Bt from curve 

mins. 

0 

76-2 

76-2 

mins. 

0 

63-2 

63-2 

6-7 

62-1 

61-8 

7 

57-1 

67-0 

13-4 

66-2 

65-2 

14 

51-7 

51-2 

26-8 

46-0 

46-0 

28 

42-3 

41-1 

47*0 

34-1 

33-6 

49 

31-3 

30-7 

67-0 

25-3 

25-4 

70 

23-22 

23-3 

100‘6 

16-2 

18-2 

106 

13-97 

16-7 

134-0 

9-3 

14-7 

140 

8-51 

13-9 

167-6 

6-63 

12-6 

176 

6-18 

10-6 


To show more visibly how the rate of cooling varies 
with the temperature, the upper curves in Figs. 3, 4 


in the rate of cooling cannot be due to alteration in 
the thermal conductivity of the insulating covering on 
the wire (see page 632); it is to some extent accounted 
for by the variation in the heating coefficient referred 
to on pages 637 and 646, though, for machines F, G, 
H and I, the variation of ?he heating coefficient (Fig. 20) 
is much less than the variation of the rate of cooling 
shown in the above figures. It would therefore appear 
that the effect under consideration is partly, if not 
mainly, due to a redistribution of temperature in the 
field winding and pole-cores caused by the different tem¬ 
peratures of these parts, and by the different heat 
emissivities of the various cooling surfaces. 

The results obtained from these cooling tests have 
been included in Table 1, from which it is seen that 
the values of T derived from the cooling curves agree 
fairly closely with the values of T given in^col. (10) 
for the corresponding maximum temperature. 

Principal conclusions from the above considerations .— 
{a) The heating and cooling curves for field coils are 
approximately exponential when the armature is 
stationary. 

(6) The heating curve for the field coils with the 
armature rotating may deviate considerably from the 



and 5 have ’been drawn, the points being calculated 
from the fall in temperature in 10 minutes and the 
average temperature above air during that interval. 
It will be noted that the rate of cooling is not propor¬ 
tional to the temperature except during the initial 
period—a period that may on the averg-ge b# taken 
to be equal to the cooling time-constant. Afterwards 
the ratio falls rapidly to become approximately steady 
once more at the lower temperatures. This variation 


exponential law—^the higher the speed, the more square- 
shouldered the curve. 

(c) The actual heating time-constant may be from 
20 to 90 per cent greater than that calculated for the 
copper alone, the percentage increase b^g greater 
the smaller the size of the wire, the thicker its covering, 
and the larger the adjacent winding (if a.hy). 

(d) The heating time-constant for a coil with constant 
current is greater -flian that for the same coil with 
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consent voltage, the difference being greater the higher 

the temperature-rise. ^ • 

(e) The value of T, namely the time taken to attain 
steady temperature if the rate of heat generation remains 
at its initial value* the same when calculated from 
constant-voltage and constant-current tests. 

(/) The cooling time-constant is the same as the 


currents, and the temperatures of the junctions were 
measured by a calibrated galvanometer, each test being 
continued until the temperature became practically 
constant. The temperature-rise by resistance was also 
calculated, nnd in some cases the temperature-rise by 
thermometer was ^noted. Several of the tests were 
repeated to find how nearly the results agreed with 



value of T calculated from the heating time-constant ! 
obtained from the constant-voltage or cons^t-current 
tests having roughly the same temperature-rise. 

3, Distribution of Temperature in a Coil. 

A good deal of experimental work has already been 
done on this subject, but in most cases little appears 
to have been attempted except to give the bare results. 
In the discussion on Rayner's paper,* Sir Richard Glaze- 
brook dealt fully with the theory of the subject and 
showed that the curves of temperature distribution 
should—on certain assumptions—^foUow the p^abolic 
law; and curves from tests indicate that this is prac¬ 
tically correct. He also made approximate calculations 
to determine various quantities affecting the temperature 
distribution. It was for the purpose of discovering if 
these factors could be determined more accurately and 
consistently that tests- were made on coil A, which was 
fitted with five thermo-j unctions of copper-constantan, 
two of the junctions being placed under and over the. 
^uter and inner layers respectively, and the other three 
junctions J, and of the distance along the section 
of the''coil. The coil was impregnated after being 
wound the first time, but, owing to the junctions not 
having been properly placed, the coil had to be rewound. 
It was not re-impregnated, however. This probably 
accounts for the thermal conductivity of the insulation 
being of the same order as that of unimpregnated 
coils. 

J'he coil was suspended in air and^tested with different 
* JourntU 1905, vol. 34, p. 618, 


each other. The temperature-rise per watt was calcu¬ 
lated, and the results are given in Table 2. 

The values of the temperature-rise per watt for the 
thermo-j unctions have been plotted in Fig.^ 6, from 



which it is evident that the temperature-rise per watt 
decreases appreciably with increasing values of the 
temperature-rise, but that the distribution of temperature 
and, th^efore,the thermal conductivity of the insulation 
are almost independent of the temperature-rise. 

The above results will now be analysed on the basis 
of Glazebrook's theory. 
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liw ^ power in watts generated per cni^ of the coil, 
W = total power generated in coil, 
y s= volume of coil in cm^, 

0^ = temperature-rise at distance x cm from the 
line of maximum temperature, 

0^ = maximum temperature-risfe, 
k = thermal conductivity of coil in watts per 
cm cube, 

\ = thermal conductivity of copper in watts per 
cm cube, 

hi — thermal conductivity of insulation in watts 
per cm cube, 

a = depth of copper per cm depth of coil. 


then 


1 _tt I ^ 
k k^ hi 
jfefe<,(l - g) ^ 
kf, — ka 


- a) 


since ka is small compared with k^t as shown below. 


Thermal conductivity of copper = = 3*02 watts 

per cm cube. 

But the average value of k is about 0*004, so that 
ka is obviously negligible compared witli k^. 

By a trial-and-error method, a Value of a giving the 
closest approximation to the values of dJW in Table 2 
can be determined for each value of the current. 
Table 3 gives results typical of those obtained, show¬ 
ing how very closely the test values agree with those 
calculated from tlie parabolic law. 

It was thought that instead of allowing for the thick¬ 
ness of the insulation on the wire, more consistent 
values for the effective thermal conductivity might be 
obtained by taking account of the space factor; thus if 

Ff = space factor of copper, 

A = sectional area of coil, 

and ttg = depth of copper per cm depth of coil for 
a square wire of equivalent area. 


Table 3. 


lunction 


Current 0’6 amp. 

Current 0*4 amp. 

a 

Qm 

W 

—-a»2 

W 

e^fw 

by test 

OrJW hy 
W^alker’s 
expression 

a 

Otn 

w 


exiw 
by test 

PxfW by 
Walker’s 
expression 

Outside 

2*62 

0*0911 

1*28 

0*665 

H 

0*663 

0*0931 

1*39 

0*75 

0*764 

0*756 

i 

1*676 


1*28 


mBsm 

1-050 

0*0931 

1*39 

1-159 

1*159 

1-168 

4 

0*45 


1*28 

1*261 

1-269 

1*26 

0*0^31 

1-39 

1*371 

1*37 

1*369 

1 

0*676 


1*28 

1-238 

1*238 

1*237 

0*0931 

1-39 

1*347 

1*34 

1*347 

Inside , 

1*72 

0*0911 

1*28 

1*01 

0*996 

1*0 

0*0931 

1-39 

r*114 

1*082 

1*108 


It was shown by Glazebrook that 

e„ 


where 


or 


where 




= = 6 jb 2 

2Vk 


W 


b « 

W 
a = 


W 
2Vk 

2Vk 
I 

fVk ^ W 


= ax^ 


Hence 6x — = (OmlW) — 

For the coil under consideration:— 


Average depth of coil .. .. = 4* 6 cm. 

Depth of line of maximum 
temperature from outside ,. — 0*6 x depth of coil, 

= 2*7 cm, 


Volume of coil .. 
Diameter of wire (bare) 
Diameter of wire (d.c.c.) 


= 2 640 cm^, 
= 0*0646 cm, 
= 0*08 cm, 


0*0645 


= 0 - 68 . 


then =' total sectional area of copper, 

= F^ 
a^ == VFg 

If kig = effective thermal conductivity of the 
insulation (including air space) in watts 
per cm cube, 
then k^ = &(! — a^)* 

^kil^VFsh 

In order to check the values of the thermal con¬ 
ductivity obtained from coil A, all the curves given 
by Rayner * that appeared reliable were examined, and 
the value of 6( =« aW) giving the nearest approximation 
to the whole curve was determined in each case. 

The values obtained, together with the calculated 
values of ki and k^, are given in Table 4. Rayner*s» 
coils are designated by the same figures as in his original 
paper. • 

The wires in all the above coils, except 4B, were 
double-cotton-covered, 4B being single-cotton-covered; 
and only 2A and 2B had been imprejgnated. 

From the table it is seen that:— 

(a) The values of the thermal conductivity of the 
insulation calculated from the space factor are more 
consistent than those obtained by simply allowing for 
the covering on the wire. 


a 


0*08 


• Log, cU, 
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(b) The value of the effective thermal conductivity 
of the insulation may be taken approximately as 0*001 
for an unimpregnated coil and 0*002 for a coil that 
is impregnated. The space factor allows—at least to 
some extent—^for thb variation in the tightness with 
which coils may be wound. 

The influence of different kinds of insulating coverings 
on the wire and of impregnation of the coil upon the 
distribution of temperature was dealt with by Rayner 
in the Electrician (1914, vol. 72, p. 702), but as no 
dimensions were given it was not possible to subject 
the results to the above analj^sis. 

An alternative method of calculating the temperature 
at a distance x from the line of maximum temperature 


where p 




6 X 10-6 X <T X jS\ 


ki X 235 


<j = copper space-factor, 

^ == thickness of insulation per cm depth of 
winding, 

= 1 •— a, 

= thermal conductivity of the insulation in 
watts per cm cube. 


i = current density in amps, per cm^, 
I ^ length of bobbin in cm, 
and d = depth of winding in cm. 


Table 4. 


Coil 

a 

b 

il- 

Thermal conductivity of insulation 

Author 

Glazebrook 



h by 
Walker’s 
expression 

Jci by 

Glazebrook 

X 10-3 

X 10-3 

X lO-fl 

X 10-3 

X 10-3 

X 10-3 

A 


_ __ 


■■ 


Bi 

0*52 


A 


— 





0-473 

_ 

A 


— 




■ill 

0*485 

_ 

A 

0*089 

— 

2*21 

— 

0*706 

1*146 

0*466 

_ 

A 

0*0939 

— 

2*10 

— 

0*672 

1*09 

0*50 

_ 

A 

0*0911 

— 

2*16 

— 

0-691 

1*12 

0-61 

_ 

B 

0*155 

— 

3*94 

— 

0*86 

1*36 

- 

— 

B 

0-160 


4*07 

— 

0*88 

1*4 

_ 

- 

B 

0*16 

— 

3*82 

— 

0*825 

1*32 

0*482 

_ 

B 

0*175 

— 

3*6 

— 

0-756 

1*21 

0-479 

_ 

B 

0*185 

— 

3*3 

— 

0*713 

1*14 

0*426 

_ 

B 

0*17 

— 

3*6 

— 

0*777 

1*24 

0*471 

_ 

B 

0*17 

— 

3*6 

— 

0*777 

1*24 

0*473 

_ 

B 

0*168 

— 

3*64 

— 

0*786 

1*26 

0*498 

_ 

B 

0-14 

— 

4*36 

— 

0-94 

1*5 

_ _ 

_ 

B 

0-16 

— 

4*07 

— 

0*88 

1*4 

- - 

, 

B 

0*15 

— 

4*07 

— 

0*88 

1*4 



B 

0*16 

— 

3*82 

— 

0*825 

1-32 

_ 

_ 

B 

0*162 

— 

3*78 

— 

0*817 

1*30 

_ _ 

. ■ 

2A 

— 

1*8 

8*0 

7*83 

1*26 

2*10 

1*0 

_ 

2B 

— 

1*75 

8*12 

8*35 

1-28 

2-13 

0*964 

1*34 

4B 

— 

1*2 

6*08 

6*65 

0-78 

1*98 

0*812 

— 

6 

— 

1*3 

4*27 

4*4 

0-427 

0*947 

0*352 

0*354 

7B 

— 

2*4 

1*93 

1*.89 

0-232 

0*67 

0*176 

0*364 

7C 

— 

3*9 

2*21 

1*7 

0-265 

0*766 

0*215 

- 

8A 

— 

1*95 

4*06 

4*41 

0-47 

1*17 

0*447 

1-97 

SB 


4^3 

3*98 

4*96 

0-462 

1*19 

0*487 



Remarks 


0*2 amp. 

0*3 amp. 

0 * 4 amp. 

0 * 5 amp. 

0 * 66 amp, 

0*6 amp. 

Constant current"! coij suspended 
Constant voltage/ 

Air velocity = 0 m/sec. (p.639) 
Air velocity = 0 * 326 m/scc. 
Air velocity = 0 • 46 m/sec. 

Air velocity = 0 * 683 m/sec. 
Air velocity = 1 • 183 m/sec. 
Air velocity = 1*65 m/sec. 

Air velocity = 0 m/sec. (p.6.38) 
Air velocity = 0*636 m/sec. 
Air velocity 0 • 814 m/sec. 
Air velocity = 2*16 m/sec. 

Air velocity = 3*22 m/sec. 

^ Coils thoroughly impregnated 
1 s.c.c. 

> Varnished on outside only 


was given by Symons and Walker,*^ but the expression 
has been modified slightly in Miles Walker's Diagnosing 
of Troubles in Electrical Machines " (pa>g6 62). 

If be the air temperature, then using the same 
symbols as above we can write the expression in the 
form 

(fix + + 236) = + Off + 236) cospaj 

♦ Journal 1912, vol. 48, p. 694; 


The values of 6^ for a number of different coils were 
calculated from the most suitable values of p and 
for each case, and were found to be in close agreement 
with those given by the thermorjunctions. The flgures 
for coif A with 0*6 and 0*4 amp. are given in Table 3. 
From the various values of p, the corresponding values 
of ki have been calculated by means of the above 
expression and incorporated in Table 4. The expression, 
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however, is much more cumbersome than that of 
Glazebrook. 

The value of j8 may be determined (a) by allowing 
for the thickness of the covering on the wire, {&) by 
finding the total depth of copper from the number of 
layers and the diameter of the wire, •or (<?) by calculating 
the effective thickness of the insulation from the space 
factor of the copper as referred to on page 633. Un¬ 
fortunately, these three methods when applied to the 
coils under consideration give inconsistent results, as 
will be seen from Table 6. 

Table 5. 


Hence x 2 x X 

= 0^ — 10 -“3 X ~ for unim¬ 

pregnated coils siwith cotton-covered 
wire, 

= ^OT — i X 10-^i2i?’g(l — for im¬ 

pregnated coils with cotton-covered 
wire. 

4. Relation between the Maximum and the Mean 
Temperatures. 


Values of jS. 


Coil 

First metliod 

Second method 

Third method 

A 

0*32 

0*616 

0*518 

B 

0*216 

0-269 

0*345 

2A and 2B 

0*167 

0*148 

0*262 

4B 

0*129 

0*232 

0*326 

5 

0*10 

0*106 

0*222 

7B and 7C 

0*12 

0*18 

0*347 

8A and 8B 

1 

0*116 

0*288 

0*293 


The third method would be expected to give a larger 
value than those obtained from the first and second 
methods. The second method appears to be the least 
consistent; consequently the values of the thermal 
conductivity have been based on the first and third 
methods, i.e. the values of hi in Table 4 are based upon 
the values of j8 given in the first column of Table 6, 
whilst those of are based upon the last column of 
Table 6. 

A comparison of the values of h^ and given in 
Table 4 indicates that those for are more consistent 
than those for It also shows that tlie values of 
calculated by the parabolic law are a little more con¬ 
sistent than those based upon the formula suggested 
by Miles Walker. 

It follows from the above table that the temperature- 
rise at a distance x from the line of maximum temperature 
is given fairly closely by the expression 


W 

n 0-!1_ a;2 

Vfl; —• 1/4M ram. 




2Vh 

W •> 

X - 

2T^ hia 


where /cj, = 0*001 for unimpregnated coils with cotton- 
covered wire, 

= 0*002 for impregnated csils with cotton- 
covered wire. 

This expression may be still further simplified thus 


W JPR I^fdN Ft 

V lA a ^ INa 

=‘^^pF, 

where I = mean length per turn, « 

i = current density in amps per cm®, 
p = specific resistance of copper at average 
temperature of coil, and may be talcen 
as 2 microhms per cm cube. 


If the temperature distribution between the outside 
and inside of a coil be assumed parabolic, i.e. 6^ 
= 9m — and if d be the depth of the cgil in cm, 
and'aii and *2 be the distances from the line of maximum 
temperature to the outside and inside respectively, 
then d = *1 -f a!2, and the average temperature across 
the section is given by :— 



From this expression Table 6 has been calculated 
for the various coils already considered. 

The majority of the values for {dm — ^mi.) calculated 
from the above expresmon axe much smaller than those 
obtained by subtracting the temperatur^rise by resis¬ 
tance from the maximum temperature-rise by thermo¬ 
couples. That this should be the case is evident from 
most of the curves given by Rayner for thermo-couples 
placed longitudinally along the line of maximum tem¬ 
perature. Most of the curves thus obtained were 
parabolic and indicate that some heat at least was 
being dissipated from the cheeks of the coils. They 
also showed lhat the difforence of temperature between 
the centre and the ends of the coils depends to some 
extent upon the ratio of the length to the depth of the 
coil. To allow for this factor in some way,* the calculated 
values of (9m - ^av) l^^ve been multipli^ by tb 

give the figures in the last column of Table 6. JVj.cst 
of the values agree fairly well with tlie values deduced 
frmn the tests. It should be mentioned that there^ 
appeared to be a discrepancy in some of Rayner’s read¬ 
ings for the temperature-rise by resistance. 

It has been observed that in the majority' of coils 
the line of maximum temperature is at about 0*6 of 
the depth from fhe outer surface, so that 


A „ TT 0 * 28 , 
0m — ^a®. = j0*28<i — ^ 8 ^ 


. , W d^{l 




( 2 ) 
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Table 6. 


Coil 

d 

a?+ 4 

d 

b 

0m g 

Qm'^Oav. < 
from test 

Length of 
coil, 

VI 

Calculated 
value of 

{0»» — 0«f.) 

^Vd 

2A 

2B 

4B 

6 

7B 

7C 

8A 

SB . 
A (0*3A) 

A (0-4A) 

A (0-6A) 

A (0-56A) 
A (0-6A) 

0-4 

0*4 

0*2 

0*46 

0-36 

0-36 

0-36 

0-36 

0-4 

0-4 

0-4 

0-4 

0*4 

0-28(^2 

0-28d* 

0-621dP 

0-255^ 

0-3087d3 

0-3087c? 

0-3087c? 

0-3087c? 

0-28C? 

0-28C? 

0-28C? 

0-28C? 

0-28C? 

7*62 

7- 62 
5-08 

8- 38 
5*71 
6-71 

5- 71 

6- 71 

4-5 

4-6 

4-5 

4*5 

4*6 

1*9 

1-76 

1-2 

1- 3 

2- 4 

3- 9 

1-95 

4*3 

1*67 

2*96 

4*81 

6-56 

7*56 

10*3 

9*47 

6*3 

7*8 

8*05 

13*1 

6*66 

14*4 

2*97 

6*6 

9*1 

12*4 

14*3 

21*5 

20*0 

4*1 

7*6 

16*4 

21*7 

16*0 

36*0 

3*4 

8*6 

13*0 

21*1 

26*3 

17*8 

17*8 

15*3 

21*6 

26*6 

26*6 

32*4 

32*4 

9*0 

9*0 

9*0 

9*0 

9*0 

1*63 
1*63 
1*73 
1*61 
2*16 
2*16 
2*38 1 

2*38 
1*41 
1*41 . 
1*41 
1*41 
1*41 

16*8 

14*6 

9*2 

12*6 

16*8 

28*3 

15*6 

34*3 

4*2 

7*9 

12*8 

17*5 

20*2 


Table 7. 



VI 




Bov) 


((fcn Bav,) 
from (») 

VI 

Coil 

assumed 

By test 

From (1) 

From (2) 

From (3) 

la 

1J8 

lyB 

lyC 

lyD 

lyE 

lyF 

18 

2A 

2B 

4B 

5 

7A 

7B 

7C 

r8A 

8B 

8C - . 
8D 

A (0-3A) 

A (0-4A) 

A {0*5A) 

A (0-56A) 

A (0*6A) 

1*34 

1*34 

1*34 

1*34 

1*34 

1*34 

1*34 

1*34 

1*63 

1*63 

1*73 

1*61 
2*16 
2*16 
2*16 
2*38 
2*38 . 

2*38 
2*38 
1*41 
1*41 
1*41 
1*41 
1*41 

0*001 

0*001 

0*001 

0*001 

0*001 

0*001 

0*001 

0*002 

(d.c.c., berrited) 
0*002 

(impregnated) 

0*002 

(impregnated) 
0*002 (sx.c.) 

0*001 

0*001 

0*001 

0*001 

0*001 

0*001 

0*001 

0*001 

0*001 

0*001 

0*001 

0*001 

0*001 

17*3 

15*6 

13*4 

12*7 

7*3 

5*8 

16*4 

8*0 

21*6 

20*0 

4*1 

7*6 

9*6 

16*4 

21*7 

16*0 

36*0 

22*4 

25*3 

3*4 

8*5 

13*0 

21*1 

26*3 

10*3 

9*47 

^ 5-3 

(a:2 = 0*2d) 

. 7*8 

8*05 

13*1 

6*56 

14*4 

2*97 

5*6 

9*1 

12r4 

14*3 

11*4 

13*0 

16*6 

13*8 

11*2 

9*0 

14*8 

6*6 

10*2 

10*1 

2*83 

8*1 

6*,23 
4*91 
9*12 
7*07 
' 15*3 
7*51 
6*6 

3*2 

6*14 

10*4 

13*5 

16*0 

8*9 

9*4 

12*05 

10*4 

8*75 

7*25 

11*7 

6*86 

9*5 

9*5 

3*27 

9*7 

4*66 

4*66 

7*3 

7*6 

13*7 

7*26 

6*35 

4*05 

7*2 

11*3 

14*1 

16*2 

11*9 

12*6 

16*1 

13*9 

11*7 

9*7 

15*7 

7*86 

14:5 

14*5 

5*65 

15*6 
10*1 
10*1 
15*8 
17*8 
32*6 
. 17*3 

15*1 
6*7 
10*1 
15*9 
19*9 
22*8 
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But it has already been shown that lysed in a similar way, ana are louna w i*c 

sented by 

E-iW, . {i) 

7 ^ W l+0-0Q5d 

= ej.^ 22-5 

w 1 + 0-0060 

.^ 2 ^ 2 ^ ]_ __ ) 

= 0-1 X lO"® T • • (^) -where A represents the total surf ace of the coil, namely, 

** 16-7 dm2 

To show how the values derived from Equations (1), On page 645 axe given the results derived from tests 

(21 and (3) agree with each other. Table 7 has been on six different machines with their armatures stationary, 

compiled, mainly from the data in Rayner’s paper. for which the value of a in the above expre^ion is 

A comparison of the different columns shows that found to vary from 0-0026 to as much as 0 - 0 ^ tbe 

the values calculated by the three expressions agree larger values being obtained for the open-type machmes. 
moderately well, and when multiplied by such a factor It is of interest to compare the above results wim 
as •V'(W they give approximately the difference between those obtained by other investigators. Lq}: us nrst 
the temperature-rise and the temperature- consider Stefan’s law of radiation, viz.: 

rise measured by resistance. Since Equation (3) is Heat lost ner sec ee - rtl 
undoubtedly the simplest to apply in the majority of ^eat lost per sec. ec ( i) ^ ^ 

cases, we can state that:— i.e. W = — Ti) (T^ Tj) (Tg + S’!) 

Ic 

Maximum temperature-rise — Average temperature-rise where Tg “ absolute temperature of the hot body, 

-2J2B./I /FI /* V 10-4 = absolute temperature of the air, 

— td P,(l -v-i'W-y 2 ^ and ifc = a constant for a given siffface. 

for unimpregnated coU with cotton-covered wire, temperature-rise per watt 

and = ^ .0 2*2 ~ Ti 

for impregnated coil with cotton-covered wire. jy W 

The factor 10-^ can be eliminated by expressing the --L—-— 

current density in amperes per mm^. (^2 + ^l) (-^2 + 3 

The best value of k for coil A is found to be 1-4 ; 

^ xa/ah'-t txrTTrr thcu taking’the air temperature as 15® C. we have 

5, Variation of Temperature-rise per Watt with q 

Temperature-rise. g ' I.4 

The figures given in Table 2 show that the higher TT -|- 288 ){t| + (288)^} 

the temperature-rise, the lower the temperature-rise 

per watt. This result has also been observed by other values derived for coil A from this epression 

experimenters. For instance, curves were given by 3 ,^.^ gi^en in Table 8 . It is found, however, ttiat these 

Lister * for six difierent field coils, the temperature- values are practically the same as those given y 

rise being measured by resistance. Coils I, II, HI and- ^ ^ 

IV were suspended in air, whilst coils V and VI were ^ ^ ^ 

on their machines, the armatures of which were W l-fU-uuou 

stationary. These curves have been analysed and found jr^a^ck Griffiths and Hill,* in a paper on “ Rate of 
to agree very closely with the expression:— • Heat,** gave the following expression for the 

Temp.-rise per watt per dm^ of total surface coohng efEect of still air . 

T7 1 -f «0 ^ ' 

where 0 a == air temperature, 

where c and a have the following values:— g _ temperature-rise. . 

'—The effect of 0, can be neglected in the present dis- 
Coiisiaudiv Coiisiiandiu Couv CoU VI cussion the air temperature was always witto 

--—-the limits of 12° C. and 20° C.; hence tiiis expression 

c 17-6 19-66 16-25 20-2 may be modified thus:— 

o 0-0036 0-0038 0-0023 0-0033 , ( 6 ) 

Temperature-nse per watt — ^ 

The values of the temperature-rise per watt (by where is a'constant for a 

resistance) given in Table 2 have also been ana- The results calculated from tins exp 

^ 2 oo ooA * See Electrician, 1015, vol. p. 411. 

* Journal I.E,B», 15|07, vol. ^8, p. 399. 


Maximum temperature-rise — Average temperature-rise 

= i^(PFg(i - VF,)^j2 ^ 

for unimpregnated coil with cotton-covered wire, 

and = 0 - 6 i 2 <f 2 j?',(l - VF,)^2 ^ 

for impregnated coil with cotton-covered wire. 

The factor 10-^ can be eliminated by expressing the 
current density in amperes per mm^. 

5. Variation of Temperature-rise per Watt with 
Temperature-rise. 

The figures given in Table 2 show that the higher 
the temperature-rise, the lower the temperature-rise 
per watt. This result has also been observed by other 
experimenters. For instance, curves were given by 
Lister* for six difierent field coils, the temperature- 
rise being measured by resistance. Coils I, II, HI aiid- 
IV were suspended in air, whilst coils V and VI were 
on their machines, the armatures of which were 
stationary. These curves have been analysed and found 
to agree very closely with the expression:— • 

Temp.-rise per watt per dm^ of total surface 

_ ^ g 
“ Tf “■ 1 + 

where c and a have the following values :— 


Coils 1 and IV 

Coils Hand III 

CoUV 

Coil VI 

17-6 

0-0036 

19-55 

0-0038 

16-26 

0-0023 

20-2 

0-0033 

_»- 
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having determined the best value of 1c^ for coil A, namely 
2-84, agree fairly closely with those obtained from 
test, as will be seen from Table 8. 

In an article* on ''Heat Losses in Heat Transmis¬ 
sion," W. L. Cathcart refero to Peclet’s empirical 
formulue based on tests for temperature-rises between 
25*^ C. and 65® C. with an average air temperature 
of 12® C. The heat loss due to contact of the air 
with surface of coil was found to be proportional to 
01*23^ a result practically identical with the expression 
just dealt with. The loss of heat by radiation was 
found to be proportional to (6® — 1), 

that is F = m(¥ - 1) 

where 6 — a constant (1 *0077 for metric units), 

= a factor depending upon the nature of 
^ the surface. 

This expression can be written thus :— 

W ^m{(l + 0*0077)<»- 1} 

^ md X 0-0077[l H- \[e - 1)0-0077] 

for the range of d permissible in windings. 

d mi 

F “ 1 + 1)0-0077 

_ m-i 

"" 1 + 0-003860 

This is obviously of the same form as Equation (4) 
above ; and the coefficient 0-00385 agrees very closely 
with the values calculated for Lister's coils I to IV. 


Table 8. 
Valms of BlW, 


9®C. 

From curve of 
test-results 

From (4) 

From (5) 

From (6) 

20-46 

1-238 

1-226 

1-26 

1-338 

36-66 

1-14 

1-148 

1-16 

1-17 

57*5 

1-05 

1-049 

1-046 

1-033 

69-3 

0-995 

1-002. 

0-985 

0-985 

79-9 

0-962 

0-964 

0-933 

0-951 


By comparing the figures deduced from the different 
expressions, it is seen that those based upon the simple 
expression 

e ^ c 
W l + aB 

axe nearer the actual values in the particular case 
considered, namely a coil suspended in air. The different 
values of a that have been observed for field coils in 
position on the poles is probably due to the heat being 
dissipated from a number of different surfaces, such as 
the external surfaces of the coil, the exposed surfaces 
of the poles and yoke, etc., all of which are at different 
temperatures. Also, the relative amounts of heat 
dissipated by these different surfaces vary with the 
type of machine. 

* Cassiff's Magasiw^ Decemlier, 1915. 


6. Effect of Forced Draught upon Temperature- 
rise OF A Coil. 

Coil B was enclosed in a wooden box with holes, 
one at each end. A fan was fitted at one end to draw 
the air over and abound the coil, the velocity of the 
air being measured at the input end by means of a 
Negretti and Zambra anemometer. A mesh was placed 
over the inner end of the inlet pipe to reduce any air 
eddies that might be formed. 

The coil had 36 layers, and thermo-junctions were 
arranged : 1, 8, 9, 9, 8, 1. Temperature readings were 
taken for different air velocities, and the temperature- 
rise after 3 hours was determined in each case. The 
temperature-rise per watt was then calculated, the 
values being plotted in Fig. 7. 



Fig. 7. 

From the curve for temperature-rise by resistance it 
is found that 

i. B 1*96 

F 1 4* 0*326u 

where v «inlet velocity of air in m/sec.; and tem- 

perature-rise per watt per dm 0 - 325 - 1 ;* 

since A =2-78 dm^ for exiefnal cylindrical surface of 
coil. 

For the outside thermo-junction we have. 

BqA 4-28 
W ^ 1 + 0-44v 

whilst fgr the centre of the coil the curve for {6^4)1 
is intermediate between 

6'56/(l + 0‘18u) and 6*56/(l + 0'26v'’>) 

These results show that the temperature-rise of the 
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outside of a coil ventilated in the above manner is 
relatively much more afiected than that of the centre 
of’^the coil. 

An arrangement shown diagrammatically in Fig. 8 
was next constructed, whereby the air could be made 
to impinge at a high velocity at *four points on the 



Fig, 8. 

surface of the coil, the velocity again being measured 
by an anemometer. The diameter of the tube where 
the velocity was measured was 7 • 6 cm in both of these 
experiments, so that the volume of air per second was 
0*00442 X velocity in m/sec. As the total area of the 



The cun^'e for the temperature-rise by resistance is 
found to be intermediate between 


6*67 


dA _ 

W l-l-0*86y 


— and = • 


6*67 


ifY* 1 + 0 * 935 ^^ 

V being the velocity actually measured. 

For the outside thermo-junction the temperature-rise 
agrees fairly closely with 

BqA ^ 5*44 

“ 1 + 

and the maximum temperature-rise is given approxi¬ 
mately by 

' W 1 + 0-75V 

It may again be stated that A in the above expres¬ 
sions is the external cylindrical surface only. 

A comparison of the results obtained in the above 
tests indicates the great improvement that may be 
effected by arranging for the air to impinge at a high 
velocity on the surface to be cooled, but that there is 
not much advantage in increasing the velocity beyond 
a certain value. 

In the paper by Symons and Walker already referred 
to, curves are given for the temperature-rise of a coil 
and of a brass cylinder for different air velocities up to 
3*5 m/sec., the results being expressed by 


Fig. 9. 

nozzles was about 3 • 6 cm^, the velocity of tfee air. at 
the nozzles was 12 • 6 times that measured. 

The results are plotted in Fig. 9, from which it is 
seen that for velocities up to about 1 m/sec. the tem¬ 
perature-rise per watt decreases very rapidly. 


U __ 9>1 

W l + 0*78v^ 
0*1 


(for brass cylinder), 


__ * ‘ ^ —- ffor coil of cotton-covered wire). 

” 1 -h 0*64y2^ 

In these tests the air was blown on to the coil from 
two diametrically opposite sides; also the cylinder and 

coil were comparatively shallow. 

On the other hand. Flack, Griffiths and Hill found 
the cooling effect of wind for velocities up to 15* 6 m/sec. 
to be given by 

8-8 

W 1 + 2Vv . 

whilst J. A. Hughes, in dealing with '‘Cooling of 
Cylinders in Stream of Air,'' ♦ gives the loss of heat 
from different cyhndrical tubes at 100® C. as propor¬ 
tional to v", where n varies between 0 • 56 for the smallest 
cylinder and 0*98 for the largest. 

The above results axe sufficient to show how 
effect of air velocity may vary considerably with the 
manner in which the air impinges on a coil, and wi^ 
the depth and the perimeter of the coil. It wouM 
appear that the only satisfactory method of deducing a 
reliable formula is from tests on a coil or a machme as 
similar as possible to the one under consideration. 

7, A New Arrangement for Measuring the Average 
Temperature-rise of Field Windings, 

The usual method of measuring the averap tem¬ 
perature-rise of a winding is to determine by the volt- 
Limeter method or by a Post OfS-ce box the resistaaaces 

* Philosophicetl Magaxinet 1916, ser. 6, vol, 31, p. 118. 
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fi], and B 2 when cold and hot, respectively. Then if 
0 i and $2 be the initial and final temperatures respec¬ 
tively, 

(02 - 0i) ^ (234-6 _+ 

The Post Office box method has the disadvantage 
that readings cannot be taken without stopping 
the machine, and even if this is done fairly quickly 
the temperature may have changed appreciably in the 


30® C. Tliis subdivision reduces to quite a negligible 
amount any error due to variation in the initial tem¬ 
perature. 

A table galvanometer G is controlled by a key K, 
H being merely a high resistance to protect G at the 
commencement of the test. 

With D on zero, and S on the stud nearest to the air 
temperature, the supply is switched on and C adjusted 
to give zero, reading on G. As the resistance of F 
increases due to rise of temperature, resistance is inserted 
at D to bring G back to zero. 



interval. Furthermore, there is always the liability of 
applying excessive voltage to the resistance box. The 
volt-ammeter method in the hands of an experienced 
person gives reasonably good results if the supply 
voltage is perfectly steady. If the voltage is fluctuating 
it is almost impossible to obtain reliable figures, and 
it was witli the object of overcoming this difficulty that 
the author tried other arrangements and found the 
following method to work extremely satisfactorily. 



The connections are shown in Fig. 10, and Fig. H 
gives thef* appearance of the apparatus as constructed. 
F is the shunt winding and R the shunt regulator. 
E is .a resistance of 3 000 ohms, B a shunt of about 
0«5 ohm, C a variable resistance; and D la resistance 
arranged with two dials, the values of the steps being 
calculated so that the dials give the temperature-rise 
directly. S is a compensating resistance to allow for 
variations of the initial temperature. Dial S in Fig. 11 
is arranged in steps of 2 degrees C. between 10® C. and 


B ^ i?2 

O JS? -j“ -f- JD 

D 

]S + S 
(234-6 



Then 




E + S 
M2 — -^1 


But 62 — 0i = 


. When 01 = 10® C., /S ;= 0 (10° C. being tlie minimum 
air temperature allowed for); and if 62 — 0i ~ 10° C. 
we have 




3 000 X 10 
244*5 


== 122*8 ohms 


Hence the resistance per degree C. = 12 • 28 ohms. 

The resistances for dials D have been based on this 
figure. 

In order that S may compensate for the different air 
temperatures at the commencement of the heating tests, 
we must have 

234*5 -1-01 244*6 

E + S E 
. ^ (^1 - 10)^ 

* 244*6 


Since the dial of S has been arranged for i steps of 
2 degrees C., the resistance per step = 2 x 3 000/244*5 
= 24*66 ohms. 
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Any variation in the air temperature during a test 
may be allowed for by moving S to the new air tempera¬ 
ture or by correcting the temperature-rise indicated 
by r>. 

When the above method was first tried, an ordinary 
resistance box was used for D, the temperature-rise 
being calculated from the expression 

02 0JL == ^"^ - 4 !! X resistance of D 

and the rc*.sults were compared with those calculated 
from the volt-ammeter readings. Curve A in Fig. 12 
shows how difficult it is to obtain consistent values of 
resistance, although the readings in this test were taken 
very carefully; the supply voltage, however, was fluc¬ 
tuating quite appreciably. The points marked with a 
cross on curve B were calculated from the curve drawn 
through the mean of the resistance points, whilst those 
indicated t)y a circle were calculated from the readings 
obtained by the bridge method just described. Had the 
.temperature-rise been calculated from the actual re¬ 
sistances as measured by the volt-ammeter method, 
the results would have been much less consistent than 
the values of the resistance plotted in curve A. 


outside thermo-junction (inserted under the outef layer 
of the coil) have been plotted against armature currents 
in Fig. 13, and the curves show clearly that the greater 



cooling effect of the higher speed is much more than 
counterbalanced by the heating effect of the armature 
losses, especially at low excitations. Since no data 
were given concerning the losses, it was not possible to 
proceed further with the analysis of these results. 


Table 9. 


N urnber of 
test 

Peripheral 

spoofl 

Field current 

Armature 

current 

Temperature 
of outside 
junction after 
n hours 

CorresixmdinB 

air 

temperature 

Temperature- 

rise 

Field watts 

Temperature- 
rise per watt 

1 

in/so!'. 

23 •.')6 

amps, 

1-2 

amps. 

8 


«C. 

18*6 

deg. C. 

6*3 

28*82 

deg. C. 
0*218 

2 

17‘9 

1 • 66 

8 


18*5 

11*4 

65*14 

0*2065 

4 

23‘.60 

1*2 

60 

30-6 

21*2 

9*3 

29*43 

0*316 

5 

17‘9 

1-66 

60 

34-0 

21*0 

13*0 

66*87 

0*2285 

7 

23‘4 

1-2 

100 

31-8 

20-2 

11*6 

. 29*6 

0*392 

g 

17*9 

1*65 

100 

37‘2 

21*4 

16*8 

58*2 

0*2715 

9 

22-9 

1-2 

150 

33*4 

17*1 

16*3 

29*8 

0*647 

10 

17‘9 

1-66 

160 

37*1 

17*1 

20*0 

58*2 

0*344 


It will now be realized that this bridge method enables 
the tenipcrature-risc of the field to be determined wlule 
the machine is running, with a far greater degree of 
reliability than the usual method, and that its readings 
arc not affected by a fluctuating supply voltage. 

8. Heating Tests on Field Coils of Nine Different 
Machines, i 

In a paper on '' Distribution and Rise of Temperature 
in Field Coils,*' ♦ it was submitted that the higher the 
peripheral speed of the armature the greater the 
temperature-rise of tlie field. Such a conclusion was 
almost obviously wrong. Unfortunately, many of the 
figures given in Table 2 of the above paper do not agree 
with the curves, and Table 9 has accordingly been 
compiled from the data available. 

The values of the temperature-rise per watt for the 

* Journal 1015, vol. 63, p. 626, 

VOL. 62. 


The results of further investigations on field coils by 
Maclean and Mackellar appeared in tlie Elecincian 
(1917, vol, 79, pp. 466 and 600), the principal con¬ 
clusions being:— 

{a) The temperature-rise is given by 

0 _^ 

1 + bv« 

where 6 , = temperature-rise with armature stationary. 

When 0, = 29'7 for the machine tested, b = 0-461 
and n = 0-68, and when 6 , = 14-8 for the machine 
tested, b — 0*644 and w = 0*39. 

(6) The heating coefficient K(— dA/W) increases a 
little with armature current, the effect being more 
pronounced with low field currents. 

(c) The ratio (maximum temperature): (mean tem¬ 
perature) is practically independent of the speed and 
of the armature current, whilst the ratio (mean tem- 

42 
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' ■ —— -- — _ _ _ _ ___ 

peratnre) : (surface temp^ature) is independent of loss upon the field temperature was not realized, and 
armature current for a given speed, but rises rapidly consequently no record was made of the armature: 
as the velocity is increased from standstill. temperature. The machines were run on no load in. 

r- Table 10. 



It was with the object of investigating this problem 
more completely and of comparing the results for 
^erent typ^s of machines that the following tests 
were conducted. At the time, the effect of the amature 
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Table 10— continwd. 
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The temperature-rise of the field windings for all 
the machines except C, D and E was determined by the 
volt-ammeter method, but for these three machines the 
bridge method described on page 640 was employed. 
In most cases the final temperature-rise of the field 
coils on one of the upper poles was measured by a 
thermometer, the latter being placed on the surface 
facing another main pole or commutating pole and 


The values of Z, m and n for the various macitunes 
are given in Table 10; and col. (13) shows how closely 
the values calculated from this expression agree with 
the values in col. (7) deduced from the test-results. 

In order to show how t^e value <JE I varies for different 
machines and for different temperature-rises of a given 
machine, the curves in Fig. 20 have been drawn. On 
page 637 it was shown that the temperature-rise per 




protected by cotton wast6. All the thermometer read¬ 
ings were taken immediately after stopping the machines. 

Table 10 gives the results obtained on these tests, 
and the curves in Figs. 14 to 19 show how the tempera¬ 
ture-rise per watt per dm^ vanes with the speed fdr 
machines F to K. These curves were thought to be 
of the form represented by 

M/ ^ ^ - (where h and a are constants), 

Wf 1 + ct-y/v ' 

but a closer inspection of the curves-^^p^cially those 
for machines J and K^-indiCated that the effect of the 
armature los*s must not be neglected, and that the 
temperature-rise of the field is more correctly repre¬ 
sented by 

. 6fAf Z(1 H~ 

F/ *“ l+nv 

where Z, m and n are constants for a given mactoe, «is 
the peripheral speed of armature in m/sec., and WalAa is 
the armature loss in watts per dm^ of armature surface* 


watt per dm^ for stationary coils could be expressed in 
the form 

gA ^ c 
W 1 +a6 

Appl 3 fing this expression to the curves in Fig. 20 
we have the results given in Table 11. 
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on pdge 637. For the open-t}rpe machines, J and K, 
the vaiuM of a appear to be unduly high, and the values 
of c are in consequence also very high. The compara** 
tively .high values of I for machine K are probably 
due to the fact that this mg.chine was fitted with a 
compensating winding which shielded the shunt winding 
to some extent. 

The values of m and n in Table 11 depend upon the 



Fidd temperatuie-rl$e (arm. stationaiy) 

Fig. 20. 

arrangement and ventilation of the armature winding, 
the presence of a fan on the armature,. the proximity 
of the field winding to the armature, the relative tem¬ 
peratures of the field and armature windings, etc. In 
order to trace the variation of m and n for the different 
conditions, the ratio m[n has been calculated in Table 10 



Fig. 21. 

n 

and plotted against field temperature-rise in Fig, 21. 
From these curves it is seen that:— 

(а) Tfie lower the temperature-rise of the field, the 
greater the effect of armature loss in comparison with 
that of speed. 

(б) The effect of fitting an armature with a fan as 
in machine G is to reduce the ratio m/n, i.e. to make 
the speed relatively more important than the armature 
loss. Also, with the open-type machines J and K the 
ratio is much smaller than for the protected-type 
machines H and I by the same makers. 


(c) The influence of the proximity of the field coils 
to the hrmature is very evident by comparing the 
ratios for min given in Table 10 for machines C and B. 
Each of these machines has a series winding of approxi¬ 
mately the same size as the shfint, but in machine D 
the shunt winding is the nearer to the armature, whilst 
in the other machine the series winding is the nearer. 

(d) Tlie temperature-rise per watt per dm^ of the 
field winding of protected-type machines is given 
approximately by 

JdfAf 7-5(1 -h 0'03WJA„) 

Wf 1 -h 0-05t; 

9. Comparison of Temperature-rises by Resistance 
AND BY Thermometer. 

The ratio of temperature-rise by resistance to that 
by thermometer has been calculated wherever possible 
in Table 10, and has been plotted in Figs. 14 to 19. 
There is a certain amount of inconsistency noticeable 
in some cases, due mainly to the difliculty of taking 
reliable thermometer readings. The ratio in most 
cases shows an inclination to increase with increase of 
speed, probably due to the greater temperature gradient 
produced in the outer half of the coil by the greater 
ventilation. The ratio for machine K is decidedly 
higher than for the other machines, and this may be 
due to heavier insulation on the field coils owing to 
the compensating winding being in close proximity. 
It is not due to an abnormally high temperature gradient 
in the winding, because it has been shown on page 630 
that the effect of the insulating covering on the wire 
of these coils is much less than in any of the other 
coils. Also, the coils are shallower than those of 
machines H, I and J, and all these coils had been 
thoroughly impregnated (see page 648). 

Table 12 has been compiled to show that the ratios 
obtained above are not abnormally high for coils wound 
with d.c.c. wire. The data for coils numbered 2A to 
8B have been taken from Rayner's paper,* whilst the 
values for coils R1 to R6 were given by Rayner in 
the Electrician,* 

The above figures for the relation between, the mean 
temperature-rise and the temperature-rise measured by 
thermometer are sufficient to demonstrate the un- 
reliability of the thermometer reading as an indication 
01 either the mean or the maximum temperature-rise 
of a field winding, though the thermometer method alone 
is recommended by the British Engmeering Standards 
Association (B.S.S. No. 168). The results given above 
also indicate that unless the temperature-rise by resis¬ 
tance for taped coils is allowed to be at least 70 per 
cent greater than that by thermometer, the resistance 
method is handicapped in comparison with the ther¬ 
mometer method. • 

The author desires to express his thanks to Prof. 
F. G. Baily for permission to carry out the tests on 
coil A and on machines F to K at the Heriot-Watt 
College, Edinburgh. The tests on coil B and on 
machinOs C, D and E were performed at the Brighton 
Techmcal College, and the author's thanks are due to 
Mr. H. A. Ashdown, B.Sc.(Eng.), who did most of the 
observational work. 

^ ♦ Lac. ctL 
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■ . _ Tabix 12. 




Temp.-rise by 
thermometer 

Rise by resis. 

Conditions of test 

Remarks 

Coil 

resistance 

Rise by therm. 

_e ___—-- 

A (0*6A) 

A (0-66A) 
2A 

2B 

4B 

6 

7A 

7B 

7C 

8A 

8B 

R1 

R2 

R3 

R4 

R6 

deg. C. 
79*9 
69*3 

84 

76 

62*7 

40*6 

66*6 

60 

89*5 

60 

118 

29 

29 

34 

36*4 

61*1 

deg. C. 
61*6 
43*5 

34 

32 

45 

22 

36 

29 

49 

5 

31 

23*5 

20-3 

26-2 

27-6 

27-4 

# 

1*65 

1*69 

2*47 

2*34 

1*4 

1*84 

1*85 

1*72 

1*83 

12 

3*81 

1*23 

1*43 

1*36 

1*323 

1*865 

Suspended in air 
Suspended in air 
Running loaded 
Running light 
Running loaded 
Running loaded 
Running loaded 
Standing 

Standing 

Running loaded 
Running loaded 
Running loaded 
Running loaded 
Rumiing loaded 
Running loaded 
Running loaded 

d.c.c. 

d.c.c. 

d.c.c.; thoroughly impregnated and covered 
with 2 layers linen tape, f lap 
s.c.c.; no tape 
d.c.c.; no tape 

1 d.c.c.; shallow series winding over shunt 

d.c.c.; covering J in. thick of insulation and 
string 

Enamelled wire 

Enamel and dipped in Voltalac ** 
d.c.c. 

d.c.c., and dipped in “ Voltalac 
d.c.c.; coil finished with layer of tape 


APPENDIX. 


Principal Data of the Coils and Machines on which the Foregoing Experiments have been Performed. 



A 

B 

0 

D 

E 

P 

Q 

H 

I 1 

K 

Type^ 

— 

— 

P 

P 

p 

P 

P 

P 

P 

0 

O 

Armature. 

Core length (cm) .. .. . 

Overall length of winding (cm) . 

Cylindrical area of winding (dm*) . 

Shunt Winding. 

Number of turns .. . 

Diameter of wire (mm) . 

‘ Covering on wire . 

Area of wire (mm») 

Length of coil (cm) . 

Depth of coil (cm) • ov. 

Total cylindrical area of coils (dm2) ,. .. .. 

Totofe^tSLa surface of machine (dm*) 

Total surface of coil (dm*) . 

Volume of coil (cm*). 

3 800 
0*545 
d.c.c. 
0*232 
0*0 
4*5 
0*4 

R 

16*7 

2 640 

2 000 
0*0144 
d.c.c. 
0*667 
6*8 

4*6 

2*78 

C 

817. 

21*6 

15*26 

31*3 

21*2 

3 300 
0*61 
S.C.C. 

0*292 

4*8 

4*7 

13*4 

R 

•_ 

LA 

( 1 1 

20*36 

10*2 

24*0 

16*33 

2 400 
0*636 ' 

S.C.C. 

0*3167 

7*4 

2*6 

13*2 

C 

103 

26 

14 

32*6 

26*6 

3 800 
0*684 
d.c.c. 
0*208 
9*0 

4*6 

26*6 

R 

29*6 

14 

35*4 

82*8 

3 780 
0*636 

8.C.C. 

0*3167 

10 

3 

32 

R 

30*6 

16*26 

87*6 

86*0 

8 664 
0*762 
d.c.c. 
0*456 
9*5 

4*8 

27*2 

C 

30*6 

15*25 

87*6 

86*9 

8 664 
0*762 
d.c.c. 
0*466 
9*6 

6*2 

28*9 

C 

33 

16*5 

39*6 

41 

4018 

0*762 

d.c.c. 

0*456 

10*6 

4*0 

81*6 

C 

38 

16 *5 

89 *5 

41 

1188 

1*142 

d.c.c. 

1*026 

7*0 

4*2 

28 *66 

R 


t 


P and 0 signify ** protected type ” and “ open type ” w»pec 
R and C signify “ rectangularand circular respectively. 


rcspecuvcAy. 


Additional Particulars. 

(A) Coil wound on a press-spahn fbrmer and taped 
half-lap. Fiye thermo-junctions were inserted in the 
positions described on page 632. 

(B) Coil wound on a brass former with leatheroid 
insulation and varnished on the outside. Five thermo- 
jupctions also inserted in the coil in the positions 
described on page 638. 

(C) 5 kW d 3 mamo. Machine has a series field wind¬ 
ing of nearly the same size as the shunt, the series 
winding being side by side with the shunt but nearer 
the armature. 


(D) 3*6 kW d 3 mamo. This machine also has a series 
field winding of approximately the same dimensions 
the shunt, but the series winding in this case is the 

further away from the armature. • • i ^ w 

(E) 3*6 kVA three-phase alternator with revolving 

armature. mi. ^ u •!« 

(F) 10 b.h.p. shunt interpolar motor. The field cons 

are impregnated. 

(G) 16 b.h.p. shunt interpolar protected-type 
fitted with a fan at the back of the aOTature. The 
field coils are wound with untreated wire, dried in^ a 
vacuum and' impregnated, after which they are taped 
and varnished. 
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(H) 20 b.h.p. shunt interpolax motor direct coupled 
to a non-interpolar generator I. The field windings 
are similar except that machine I has a series winding 
of 32 turns of 3*43 X 3*43 mm wire in two layers on 
top of the shunt. The mak^»rs state that “ the field 
coils are all impregnated in vacuo, being placed in a 
vacuum chamber for 12 hours at a temperature of 
180® F. They are then impregnated under a pressure 


of 35-40 lb. with standard black solid compound, the 
coils then being completely covered with flexible mica 
cloth and waterproof tape.’* 

(J) 60 b.h.p. shunt interpolar motor direct coupled 
to a shunt interpolar generator K. The field coils of 
both machines weffe subjected to the same treatment 
as were H and I. Machine K is fitted with a com¬ 
pensating winding. 


DISCUSSION ON 

“THE CHARACTERISTICS OF A D.C. SERIES MACHINE SELF-EXCITED 
BY RECTIFIED CURRENT FOR PURPOSES OF REGENERATIVE 
CONTROL.” ♦ 

Scottish Centre, at Dundee, 26 April, 1924. 


Mr. D. H. Bishop: The paper describes a very 
ingenious method by which a series motor can be 
transformed at a moment’s notice into what is virtually 
a shunt motor. It has occurred to me that a certain 
amount of saving in energy consumption would be 
possible, in connection with tramway work, if, ha\dng 
started up the car by means of motors connected as 
series motors, they could then be converted into shunt 
motors. If it is required to run at a constant speed, 
that could no doubt be done without wasting power in 
resistance. This would mean that some form of speed 
regulation would be required, and that is also necessary 
if the full benefit of regenerative control is to be 
obtained. I should like to ask the author whether he 
would put a rheostat in the primary circuit of the 
transformer or whether he would try to alter the ratio 
of the latter. .Table 1 shows some results obtained 
'vvith the brushes in various positions. Is there any 
practical objection to keeping the brushes in, say, 
position 6,> independent of the direction of rotation ? 
I fancy that the difference of potential between the 
two segments of the rectifier is only a matter of 
1.0 volts at the maximum, and is therefore not likely to 
be a source of trouble on account of short-circuits across 
the insulation between segments. There is a very low 
voltage at the rectifier, and the author mentions that 
he had to use a considerable pressure on the brushes. 
I take it that the reason is that the rectifier would not 
ptberwise excite. Does this mean that carbon brushes 
cannot be used ? The use of metgl brushes on slip- 
rings is to be avoided if possible. ' 

Dr. S. Parker Smith : The author has worked out 
a very ingenious method and has proved the method to 
be a success. As he would tell us himself, this is by 
no means the first device that has been developed for 
regenerating ener^ firom traction.motors. Perhaps.it 

* Paper by Dr. R. D. Archibald (see page 288). 


would be well to examine very briefly the position of 
the matter as it stands at the present day, rather than 
to discuss technical details which the author has already 
put clearly before us. We are stopping electric trains 
and tramcars imumerable times a day, and why is 
it that we waste all the energj^ ? Why is it also that 
regeneration in regard to main-line work is going out of 
use ? It was introduced and it was thought that a 
great improvement in efficiency would result. What 
do we find ? In many countries where the conditions 
are specially suitable for the regeneration of energy 
the rejgenerative apparatus has been discarded, because 
the return was not worth the trouble. The French 
welcomed regeneration with great enthusiasm; the 
Italians before them did the same, likewise the Swiss. 
What has happened ? Very often when they got the 
energy they did not know what to do with it, for there 
was not a train climbing when another was descending. 
In many cases the complication and cost are scarcely 
jfjistified with water power, apart from the practic^ 
difficulty of securing some use for the energy. In 
America better results are claimed—but even there 
the results are not altogether perfect. Regenerative 
energy can be bought at too dear a price. To prevent 
wear and tear on the tyres, on the brake shoes and on 
the rails, a simple alternative is rheostatic braking, and 
that is what mafiy people are adopting. Coming to the 
case of the motor coach, which is starting ^and stopping 
every mile or so, and where ijie cost of energy is a 
large part of the working cost, a strong case can be 
made out. for regeneration, for even a few per cent in 
the cost is a good reduction. Here, however, restric¬ 
tions i^pposed by the limits of space available render 
the installafion of the essential equipment difficult, As 
soon as a motor is made to regenerate, the machine 
may be overloaded. In other words, the motors cannot 
work also as generators without overheating. That is 



RECTIFIED CURRENT FOR PURPOS 

one great reason why none of these schemes has come 
into use on the suburban railways. On the tramcars 
rheostatic braking is used, and the motors could here 
be to regenerate; but it is not needed only 

when a tramcar descends a hill. The great savmg 
would ensue if the energy could ba regenemted while 
the tramcar is being brought to rest. My criticisms are 
not directed against the device, but are simply intended 
to lioint out some of the practical difficulties to be 
overcome in adopting regenerative methods.. 

Mr. A. P. Robertson : Regarding the connections 
for this metiiod of regeneration, it seems to me that 
there would be a great many contacts on the controller, 
which would consequently be much more complicated 
than it is at present. In practical working, would the 
motor run as a series motor with the rectifier ^d 
transformer always in circuit, or would -fee field sivitch 
be opened at starting, which would make it a plain 
series motor ? I take it that, after the motor is up to 
speed, the rectifier switch is closed and the field built 
up as a shunt from the armature, and that the end of 
the series field is then disconnected from the line and 
put direct on the brushes of the armature. If that is 
so this alone wiU result in a considerable number of 
extra contacts. Then, ^ain, the brushes are shown m 
the neutral position, which is not the best place. The 
best place is a little in advance, and, as the machine 
has to run in both directions, the position of the brushes 
requires to be altered according to the direction of Ike 
motor. All this has to be. done with one handle, and 
may call for mechanical connections from the controller 
to the brush gear.' On page 234 the current density on 
brush 6 is given as 47 amperes per sq. in. at full load 
fl7-6 amperes). That figure was taken on a 6 h.p. 
motor at 400 volts. On a 600-volt circuit and a 
40-h.p. motor, the current would be about 40 amperes, 
and much larger brushes would be required. The brush 
pressure is given as 14 Ib./sq. in. Thw is rath^ high; 
the usual pressure is nearer 6 Ib./sq. in. I think that 
metal brushes will have to be used to get the requisite 
current density. The difficulty with the metal brush is 
lubrication, and there are many methods of oiling. So 
far we have found ikat the best method is hand lubri-' 
cation, but that method could not be applied to the 
brushes of a tramway motor. I had thought that 
railways would be ideal for regenerative control becau^p 
of the long gradients, but from Dr. Parker Smith’s 
remarks it appears that, due to the infrequency of 
running, regenerative control is not so suitable as on 
tramways. With tramways there is a large amount of 
town work. Cars in busy streets move for only a short 
distance at a time and that very slowly, and the re¬ 
generation, to be of any use, would require to be efiec- 
tive at a low speed. On the other hand, on long runs 
where there are gradients some use might be made of 
it. What is the lowest speed at which regeneration 
would be effective by this method ? 

Mr. W. B. Hird: It appears to be largely a question 
of the complications necessarily added to the^ equip¬ 
ment in order to obtain a satisfactory regenerative 
control. It is difficult to believe that the extensive 
to the equipment proposed in the paper are 
the simplest and easiest solution of the problem. I 
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do not think that a practical tramway en^neer liJould 
agree to the proposal that he should add slip-rings and 
an additional set of brush gear to his motors. I have 
had a considerable experience of another class of motors, 
namely coal-cutter motors, where there are very 
severe restrictions on the space available, and I am 
therefore fully able to realize the difficulties involved 
and the sacrifice of existing useful prop^ra which 
would be involved in finding room for slip-rings and 
an additional set of brush gear. The complications 
required are not confined to the motor. The switching 
arrangements also must be added to, and if it became 
also necessary to make arrangements for shifting the 
brushes it appears that the advantages to be gained 
from regenerative control would be more than out¬ 
weighed by the complications added to the equipment 
and the sacrifices required to find space for tl^ese addi¬ 
tions. Mr. Robertson asked how far the speed could be 
reduced by means of regenerative control. It is obvious 
from the speed curves given in the paper that the speed 
could not be brought down to very low ^ts by 
means, and that the chief gams to be derived from 
the return of energy to the line would be obtained 
not at stops but when coasting down hills of some 
lengUi and of a considerable gradient. In this con¬ 
nection I think that the difference between a tramway 
service and a railway service has not been sufficiently 
emphasized. On a railway, it would generally be 
possible to coast down the hills uninterrupted by any 
traffic stops; in a tramway system, however, even 
with considerable gradients in the different routes, free 
coasting is liable to constant traffic interruptions and 
therefore loses much of its value. Take, for example, 
the Glasgow system, which has considerable hiUs. How 
often would a car be able in a day’s work to run down 
Renfield-street without several traffic stops interfahig 
with the regenerative process ? In spite of the advan¬ 
tages of railways over tramways in this respect. Dr. 
Parker Smith has told us that regenerative control has 
been abandoned on several railways where it had been 
originally used, because the gain was not worth the 
added complications. Although the author s method 
is very ingenious, I feel that regenerative control has 
little, if any, future before it, and it is especially 
doubtiul whether a tramway system would ever derive 
much benefit from this or any other system. 

Dr. R. D. Archibald (in reply): In reply to Mr. 
Bishop, tiie question of whether the speed should be 
controlled by a rheostat in the primary or by varying 
the ratio of the transformer depends on whether a fine 
adjustment or large range of speed is required. I ^ 
of the opinion'that for noany purposes two speeds,^ 
obtained by varying the ratio, would be sufficient, but 
a combination of both methods could be useql with 
advantage if not too complicated. The brush pbsition 6 
in Table 1 is the proper running position and gave 
good results in both 4irections. I may say that a more 
accurate method of setting the brushes, which was 
employed later, indicated that the brush settings given 
in Table 1 were half a mica-width further back than 
shown and that the tests were really performed on a 
setting between 4 and 6. There is, of course, no questidn 
of shifting the brushes on reversing the direction of 
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rotation. The tests in different positions were taken, 
merely to show the effect on the characteristics. There 
was no danger from short-circuits between the segments, 
as the voltage was from 6 to 10 volts and the segments 
were OT in. apart, wh$ch is much wider than in an ordinary 
commutator. Copper brushes were used for 4, 4', in 
Fig. 1 as they were handy, but the slight extra drop 
incurred by using graphite brushes would not have 
made any appreciable difference. Excitation was easily 
obtained at normal brush pressure of to 2 lb. when 
the commutator ran true. The contact resistance of a 
carbon brush increases with pressure up to 4 or 6 lb. 
per sq. in., after which further increase of pressure 
makes little or no difference. It is therefore essential 
to use a pressure of not less than about 5 lb. per sq. in. 
In the tests higher pressures were used, as the commu¬ 
tator developed a slight wobble, and the 14 lb. pres¬ 
sure mentioned in Table 6 was adopted to ensure 
that no sparking could be attributed to jumping of the 
brushes. 

Dr. Smith has given us a very good statement of the 
general position of regenerative control at the present 
time, and I agree with him that it cannot be assumed 
that regenerative control would necessarily be any 
benefit in all cases where rheostatic braldng is employed. 
In tramcars and even in battery vehicles, however, it 
seems to me that much could be done with a device 
such as this which can be adapted to a standard outfit 
without interfering with the series-parallel control. 

I did not intend to touch on the question of control, 
but as Mr. Robertson has raised it I may say that I 
would not suggest any alteration of the standard con¬ 
troller, as this would be a fatal objection to any device 
for regeneration. It is quite feasible, as shown in the 
concluding paragraphs of the paper, to start up the 
motor as a series machine and change its characteristic 
from series to shunt by closing the transformer prinaary 
circuit and the rectifier circuit. A double-pole switch 
is sufficient for this purpose. The result, then, is that 
the rectifier boosts up the motor field-current and causes 
the motor armature to generate current which passes 
back through the rectifier to the line. This scheme 
worked quite satisfactorily and gave a large range of 
speed with one setting of the transformer ratio, and 
could be used for slowing down cars on the level by 
returning current to the line. With the same setting 
of the transformer ratio, greater braking effect can be 
obtained by changing over the armature connection 
from the field to the line, giving the ordinary con¬ 


nections used in these tests. This would be done 
preferably with some resistance in the controller, which 
would then be cut out gradually to obtain full regenera¬ 
tive effect. It is not difficult to devise a switch not 
only to perform these changes but also to return every¬ 
thing to normal s%ries-parallel control when the con¬ 
troller handle is moved to the off position, so that in 
an emergency the rheostatic brake can be brought into 
action in the ordinary way. Alternatively, stronger 
regenerative effect can be obtained by reducing the 
ratio of the transformer, instead of by changing over 
the armature connection. The switching arrangements 
would then be very simple indeed. The size of brush 
required for 40 amperes is only a little more than double 
the size used in these tests. 

The position as regards running at low speeds is quite 
the reverse of what Mr. Hird imagines it to be. The 
motor was run as a regenerator at much lower speeds 
than those given in the tests, but the transformer used 
had not tappings suitable for making tests at these 
speeds. They were obtained by using low tappings in 
the primary, as higher tappings in the secondary circuit 
were not available. Tins made the magnetizing current 
as high as 7 or 8 amperes, and as this current had a 
demagnetizing effect on the motor field it made the 
speeds higher than they would have been with suitable 
tappings, and therefore gave false results. The lowest 
speed obtainable depends on the saturation point of the 
motor field, and there is no more difficulty in saturating 
the field with tlie rectified current than there is in 
rheostatic braking, The speed can therefore be brought 
practically as low as with the rheostatic brake. 
Although I agree with Mr. Hird that it is not easy to 
fit slip-rings and brushes in a restricted space, I do not 
share his point of view. The problem of collecting a 
small alternating current in this way has scarcely ever 
arisen, and it involves as much departure from con¬ 
ventional design as the coal-cutter motor does for its 
success. The space in this motor is less than in many 
tramway motors, yet no trouble has ensued. Stretched 
flexible cable was used for collecting the current, but 
this was merely to save making brush gear and not 
because brush gear could not have been fitted. My own 
experience of Renfield-street is that ever since the 
accident occurred (in which the driver forgot that he 
hfiid a rheostatic brake) I have observed that many 
drivers are in the habit of using rheostatic braking in 
preference to mechanical braldng. The question thus 
arises : Why not regenerative braking ? 
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Rol3ert Blair Fellowships. 

The London County Council have founded two Fellow¬ 
ships, each of the value of £460 and tenable for one 
year, to enable British students of at least 21 years of 
age to pursue a course of advanced study or research 
in Applied Science and Technology in the Dominions, 
the United States or other foreign countries. The 
Fellowships are open to suitable candidates who have 
been trained in Applied Science and Technology, but 
in making the awards preference will be given to engineer¬ 
ing science and to those who have completed, a course 
of study in London institutions or who have been 
identified with the London teaching service. 

Applications for the Fellowships should be made on 
a prescribed form, obtainable from the Education Officer, 
London County Council, The County Hall, London, 
S.E. 1, on or before the 30th June in each year. 


Current Loading of Paper Cables. 

• The British Electrical and Allied Industries Research 
Association have issued in booklet form (Ref. F/T14) 
the tables of Permissible Current Loading of British 
Standard Impregnated Paper-Insulated Electric Cables 
included in the Second Report on the Research on the 
Heating of Buried Cables which was published in 
Vol. 61 (1923) of the Journal 

Copies of the booklet can be obtained by members 
of the Institution on application to the Secretary of 
the Electrical Research Association, 19, Tothill-street, 
Westminster, S.W., at the reduced price of 9d. per 


copy. 

* The Benevolent Fund. 

is a list of the Donations and Annual 
Subscriptions received during the period 26 May-25 June, 


Aikman, A. N. (London) 

Andrews, W. F. (London) 
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Collins, W. (Bristol) .. - • 

♦ Annual Subscriptions 
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3 6^ 
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Pennington, W. (London) 
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Price, F. E. (Brighton) 
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Samuel, H. P. (West Bromwich) 
Tackley, A. L. (Birmingham). . 

Tonkin, C, V. (Cardiff) 

Turrell, F. H. (Singapore) 
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Western Electric Company .. 
Willi^son, G. E. E. (Derby) 
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iNTE^iNATIONAL ELECTROTECHNICAL COMMISSION. Ad¬ 
visory Committee on Symbols. Minutes of meeting 
of delegates, Geneva, Nov., 1922. 

4to. 31 pp. London t 1923 
International register of telegraphic and trade 
addresses ; with which is^incorporated the Marconi 
international directory of cable addresses and 
code users of the world. 1923-1924. Published 
jointly by the Marconi International Code Co., 
Ltd. and Code Users Inc. 
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Summary. 

This paper is divided into two parts. The hrst part deals 
with the broad aspects of modem telephone transmission 
maintenance, the economic justification for good main¬ 
tenance, and the general lines upon which it should be 
carried out. The second part gives the theoretical con¬ 
siderations leading up to the development of a series of 
testing instruments, by means of which transmission losses 
in any part of the telephone system can easily be measured. 
This part also contains brief descriptions of the instruments 
and their use. 
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Part L 


GENERAL ASPECT. 


During the last three years no less than six important 
papers * dealing with various telephone problems have 
been presented before the Institution. The discussions 
in connection with these papers have clearly, ^own 
the interest which an ever-increasing number of the 
members are taking in the development of the art of 


• Sir W Noblb : " The Long-Distance Tel^hone System of the United 

m., 1922. 

T IS’ ?ijLL: “ Phantom Telephone Circuits and Combined Telegraph and 

Telephone Orcuits,” 1922, yol 60, ^ 676. 

iarelephcay 

Solved and Unsolved,” ibid,, 1928, vol. 61, p. 613. 
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telephonic communication. The importance of this 
subject is accentuated by the fact that it was made 
the theme of the Presidential Address in 1922-'23 and 
of the Fourteenth JCelvin Lecture (loc. cit,), 

A study of the papers %.nd addresses mentioned 
reveals the fact that, broadly speaking, they all deal 
with development, design or construction of telephone 
plant. The transmission maintenance question is re¬ 
ferred to by some of the authors, but, as we shall 
endeavour to show, this phase of the subject is so vital 
as to warrant a separate study and discussion. 

What do we mean by transmission maintenance ? 
In its broadest sense we interpret it to mean not only 
the upkeep of telephone lines and apparatus from a 
purely physical standpoint, but the provision of methods 
and apparatus to guard against the introduction of 
factors ^hich are detrimental to a satisfactory trans¬ 
mission of speech. The designer of the better class 
of equipment which goes into a modern telephone 
system works to certain standards, and this enables 
the telephone administration to furnish satisfactory 
transmission of speech. If correctly installed, such a 
system should therefore theoretically be 100 per cent 
perfect. Now, it is common experience among telephone 
engineers that while the plant may be nearly perfect 
when first installed, deterioration, due to a number of 
causes, inevitably occurs in time. By way of illustra¬ 
tion let us consider a non-loaded long-distance open- 
wire line 600 miles long with conductors weighing 
600 lb. to the mile throughout in its construction. The 
transmission equivalent of this circuit, between test- 
boards, would then be about 13 miles of standard cable 
(measured at a frequency of 800 periods per second). 
For the purpose of this illustration let it be assumed 
that the combined losses due to the extensions through 
the exchanges to the subscribers* premises at each 
end, amount to a total of 16 miles of standard cable. 
The total equivalent is therefore 29 standard miles, 
which may be regarded as satisfactory. 

The transmission-equivalent of the open-wire line 
presupposes normal conditions, that is to say, high 
insulation, freedom from external influence (such as 
noise by induction), good conductivity and absence of 
bridged connections (accidental or otherwise). Now it 
is to be expected that, in time, any one or all of the 
conditions mentioned will change and that losses will 
gradually creep in. 

Faulty insulators, an error in the transposition of 
the line wires during changes or repairs, defective joints 
or some apparatus or instrument subsequently placed 
across the circuit at an intermediate point—any one or 
all of these causes may result in an appreciable increase 
in the transmission-equivalent. The losses thus intro¬ 
duced may easily aggregate 6 to 10 standard miles. 

Furthermore, in the exchanges there are a number 
of points at which losses may accidentally be introduced. 
Poor contacts on protector springs, a faulty coil or 
incorrect wiring have been found to cause losses of as 
much as 10 to 16 standard miles, with an average of 
about 2 standard miles or even higher. 

• If we take the losses which by accident may occur 
in the open-wire line proper to be of the order of 7 
standard miles, and the losses due to defects in the 


extension lines at each end to be equivalent to 4 standard 
miles (based on the average of 2 miles cited above), 
we then have to add 11 standard miles to the origin^ 
29 miles for overall transmission. In other words, 
more than one-tljird has been added to the original 
figure, which now becomes 40 standard miles. This, 
as telephone engineers know, may be regarded as un¬ 
commercial speech transmission. 

The factors which contribute to this abnormal con¬ 
dition will be dealt with more fully in this paper, but, 
before taking up the purely technical side of the problem, 
it will be useful to demonstrate what these losses may 
mean from an economical standpoint. In the ordinary 
way, losses which are encountered in commercial life 
may be expressed in some monetary value and, while 
in this case such expression is difficult, it is nevertheless 
possible, by means of an example, to give a fair idea 
of the considerable sums of money involved. 

If, to compensate for losses occurring in a correctly 
designed plant, it is assumed that the efficiency of 
some portion of it has to be improved, the cost of such 
improvement can be taken as a measure of the money 
value of the losses which were present. 

The following example, taken from a paper by Captain 
J, G. Hines read before the Institution of Post Office 
Electrical Engineers on 13th November, 1923, illustrates 
this method : 

** It may be stated that in the case of an exchange 
of moderate size such as Willesden, which is about 
7j miles from the Trunk Exchange, a reduction of one 
mile S.C.E. in the local line allowance can only be made 
up on the existing trunk junctions by an additional 
capital expenditure of approximately £6 600. As there 
are 100 exchanges of various sizes in the London area, 
it will be seen that the total expenditure that would 
be involved by a general reduction of the loss by one 
mile is very large.'* 

It should be noted that the capital expenditure 
referred to above could not fully compensate for losses 
occurring between subscribers' stations and the end of 
the trunk junctions. The above example is, therefore, 
more indicative of the money value of losses occurring 
in plant used only during trunk connections. 

A further example serves to indicate the money 
value of losses occurring in two important items of local 
•plant, namely, A " position cords and " B " position 
cords, and illustrates the order of the expenditure 
necessary to compensate for losses which can be elimi¬ 
nated by the carrying out of transmission maintenance 
tests. 

The figures given below are based upon actual ex¬ 
perience of the^losses in " A " and " B " cord circuits, 
which can be detected by the use of a simple trans¬ 
mission measuring-set of a type referred to in this paper. 
Tests made upon several modem telephone systems 
have shown that, until detected, approximately 10 per 
cent of all A " and " B " cords have abnormal losses. 
Measurement has also shown that the average abnormal 
loss upon such cords is of the order of 4 miles of standard 
cable. 

Taking what may be regarded as an average telephone 
connection involving the use of at least two cords, it 
follows from the alcove data that the average accidental 
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loss, assuming 2’-cord circuits involved, would amount 
10 

to2x4x — “0*8 m.s.c. 

The estimation of the value of this loss involves an 
economic study of some length, but such a study based 
upon a large telephone system indicates that an average 
loss of 0*8 mile of standard cable upon the average 
connection involves an annual loss of approximately 
8*2 pence for every subscriber's station in the system. 

Taking the round figures of 1000 000 subscribers* 
stations for the United Kingdom, this represents an 
annual loss of about £13 000. Assuming that interest, 
depreciation and maintenance can be taken at 12*6 per 
cent of the capital involved, the capital amount corre¬ 
sponding to the above annual loss is £104 000. 

When it is remembered that this example takes into 
account only the losses which are known to occur on 
but two items of the plant, the saving which can be 
effected by proper transmission maintenance upon all 
items can be well appreciated. 

We now propose to deal with the transmission main¬ 
tenance of modem telephone plant. For this purpose 
we may select as an illustration a telephone system in 
any progressive country, since the general principles 
of construction and design are everywhere the same. 
We have, however, largely taken the American practice 
as a basis, chiefly for the following two reasons: 

{a) The telephone development in that country is 
the highest in the world. 

(6) We have had an opportunity of studying more 
intimately the transmission maintenance prac¬ 
tices in that country. 

We have already briefly referred to the abnormal 
transmission losses which may develop in a telephone 
S 3 rstem, impairing its efficiency to a greater or less 
extent. Before discussing these losses and their causes 
in detail, it will be advisable to consider the normal 
•condition, that is to say the grade of transmission 
which should be given in a well-designed system. 

For convenience in discussing this broad subject, 
which, in fact, comprises all of the equipment germane 
to a telephone plant, we may divide it into two main 
parts: 

I. The exchange area system. 

II. The long lines system. 


As it would lead us too far afield if we were to con¬ 
sider every piece of apparatus and every circuit in the 
system, we have confined our study to representative 
types. The principles are substantially the same for 
similar portions in the whole system. 

I. The Exchange Area System. 

In dealing with this part of the telephone system— 
as distinct from the long lines plant—it is necessary to 
indicate what elements we are including under this 
heading. An exchange area, as we are considering it 
from a transmission maintenance standpoint, is under¬ 
stood to include telephone exchange equipment, used 
for long-distance operation, for junction working and 
for local traffic. The losses which occur in the long¬ 
distance switchboard circuits, the ** A ** and ** B ** cord 
circuits and associated apparatus (telephone operator's 
sets, etc.) are dealt with as types, and so are the losses 
in the circuits of private branch exchanges. 

It should be noted that, although we have here 
described transmission maintenance practices as ap¬ 
plicable to manual switchboard equipment, these 
practices are equally important for machine-switching 
equipment. Space will not permit a description of 
their application to the latter, but since the principles 
are essentially the same for both, a consideration of 
the manual equipment will, we believe, be sufficient for 
purposes of illustration. 

When operating conditions so demand, telephone 
repeater equipment is sometimes installed in long¬ 
distance telephone-exchange buildings. This type of 
equipment is not ordinarily classed with exchange 
apparatus, and, since it requires special maintenance 
tests, these are described in the part of this paper 
which deals with long lines. The lines connecting the 
local exchanges and those extending to the subscribers' 
premises are, however, included in our study of exchange 
areas. 

It is not intended to describe here the operating 
features of the equipment involved, as this is well 
known to telephone engineers, but for the s^e of 
reference the main items of which we are considering 
the transmission features are further subdivided under 
two headings : A. Internal equipment. B. ExtOTial 
wire plant (local lines). 


A. Internal Equipment. 
1. Exchange Equipment 


LongT)istanci Switchboard "A" Board “B" Board Private Branch Exchange 


<«) Cord Circuits (6) Telephone Operator’s Circuit (c) Line Termination Apparatus (d) Protection 

2. Subscribers’ Instruments (including protection). 
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(a and b) Cord circuits and telephone operators* 
circuits,—KVi of tlie above items constitute circuit 
elements which introduce what might be termed “ normal 
transmission losses ** into the exchange area. From 
various causes, such as itiistakes in wiring of the 
apparatus, faults developing in service (short-circuit of 
winding or other defects in the apparatus), losses axe 
introduced which, if allowed to remain, would seriously 
interfere with efficient operation of the circuit. The 
ordinary maintenance of an exchange area does not 
provide means for detecting all such losses, ^d it is 
necessary to provide instruments for measuring in a 
rapid routine fashion such parts of the equipment as 
experience has shown to be subject to defects. 

Considering the large number of elements involved, 
it will perhaps be advisable to select some representative 
cases indicating normal transmission losses, and illus- 


The examples given in Table 1 axe the results of 
actual measurements and demonstrate, beyond any 
doubt, tlie importance and need of careful transmission 
maintenance upon circuits of these types. Testing 
apparatus is now available which enables tests to^ be 
made in a routine manner for the location and elimina¬ 
tion of defects which have accidentally developed. 

(c) Line termination apparatus. —^The importance of , 
correctly terminating a loaded cable in exchange areas 
was early recognized. The impedance of a loaded cable 
circuit is so much greater tlian that of the non-loaded 
circuits to which it is connected in service that, unless, 
special precautions are taken, transition losses will occur 
at the junction. 

Repeating coils, having suitable impedance values in 
their primary and secondary windings, are therefore 
inserted between the two types of line, with the result 


Standard X operator'e cord circuit 





SiLbscribex’^ aet 
-asocHiA 

ind. coils _ 








mzMS 


IncoTtdug mnetion from CB.and 
TSrimk Exclmnees 



^ Tdephone operator’^ sd for 
® Subscriber^, Junction, Trunk 
and Test hoards 

ind.o' 



GT0.5A 


® P.M. cord circuit 



Pig. 1,_^Tj^ical transmission circuits in exchange areas. 


trate the eifects which the defects above mentioned 
have upon the S 3 rstem as a whole. 

In Fig. 1 are shown in diagrammatic form repre¬ 
sentative manual types of cord circuits for trunk and 
local switchboards, as well as operators' telephone sets 
for the same type of equipment. Under normal opera¬ 
ting conditions the transmission loss in any one of the 
circuits shown is bound to vary, but having obtained 
suflacignt test data it has been possible to establish an 
average value and also a maximum (limiting) value, 
the latter being intended to indicate the point beyond 
which abnormal losses may be suspected. As a matter 
of interest Table 1 gives the values for the circuit shown, 
the figures being arranged in three columns. The first 
column shows the average loss, the second column the 
^limiting value, and the third column abnormal loss, 
the cause of which is recorded in the column headed 

Remarks." 


•that the transition losses are materially reduced. It 
follows that if, by mistake, a repeating coil of incorrect 
impedance ratio is inserted, this loss may be materially 
increased. 

For the purpose of illustration let us take the case 
of a cable circuit, loaded at intervals of If miles with 
coils having an inductance of 176 millihenrys. Assume 
that this cable*terminates in a non-loaded loop of 20-lb. 
conductor, say If miles in length. With the prop^ 
type of repeating coil, the total transition loss will 
amount to about 0-7 mile of standard cable. Now 
suppose an ordinary repeating coil, having a unit 
impedance ratio (1: 1), is placed in the circuit. The 
totalilosses would then amount to 1 • 8 miles of standard 
cable. Thus a loss of 1-1 miles of standard cable has 
accidentally been added to the circuit. 

Again, take the case of a loaded cable circuit which 
is designed for long-distance operation with telephone 
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Where the length and importance of the junction 
cable circuits warrant it, their transmission efficiency 


repeaters. If, as frequently happens, the cable has to 
enter a repeater station through a repeating coil, then 
it is necessary (in 2-wire operation) to insert a coil of 
characteristics on the corresponding network 
side of the circuit * in order to obtain the necepary 
balancing condition. The “ line '* coil and the net¬ 
work ** coil must have the same electrical characteMtics, 
within very close limits, otherwise the gain obtainable 
by means of the repeater is seriously affected. 

{d) Protection ,—In regard to protection apparatus, 
more particularly that installed in a telephone exchange, 
experience has shown that trouble is caused by excessive 
contact resistance between the heat-coil contact surfaces 
and the protector springs, as well as between the pro¬ 
tector springs and their assembly bolts. Trouble from 
fhift source usually appears as line noise, which is 
detrimental to transmission, but it may also result 
in a direct transmission loss, which can economically 
be eliminated. 


may be improved by loading. 

(1) Grade or» Transmission. 

Before discussing the broad aspects of the main¬ 
tenance of this part of the exchange area plant, brief 
references will be made to some considerations govern¬ 
ing the transmission standards which should be aimed 
at in a well-designed system. 

The circuits to be considered axe: 

{a) Subscribers^ lines (to the local exchange). 

(&) Junction circuits (connecting ordinary exchanges). 

(c) Trunk switching circuits. 

(d) Order wire circuits. 

(a) Subscribers* lines ,—^The choice of conduc?tors for 
this class of circuit is necessarily based on the limiting 
loop resistance for each exchange area, as determined 


Table 1. 


Ref. 

No. 

Description of circuit 

Average 

loss 

Limiting 

loss 

Abnormal. 

loss 

Remarks 

(Cause of abnormal loss) 

in 

Fig.l 

Miles of standard cable 

1 

2 

3 

Standard A " operator's cord circuit 

Incoming junction circuit 

Telephone operator's set 

1-4 

0*7 

3-6 

2-0 

1-4 

4-8 

5- 4 

11-6 

6- 0 

f8-9 1 

Non-inductive relay winding discon¬ 
nected 

1 4-/AF condenser disconnected 

360-ohm resistance short-circuited 
17-ohm winding reversed 

4 

Subscriber's set * 

4-0 

4*5 

18-7 

26-ohm winding reversed 

3 

Private branch exchange cord circuit 

1-2 

1*5 

4-1 

Non-inductive relay winding discon¬ 
nected 

•6 

Private branch exchange telephone 
circuit 

1-2 

1-5 

7*3 

Induction coil windings interchanged 



* Transmitting loss. 




Note.— 1, 2. 3, 6 and 6 axe measured as bridge losses in the circmt. 


The winding of the heat coil, which is in series with 
the line, is designed to have a- resistance of the order 
of 3 to 4 ohms. A poor contact may add 1 ohm, of 
more, to this resistance and it is quite evident that a 
loss due to this caitse should be prevented. 

(2) Subscribers’ Instruments. 

Considerable attrition has recently been given to 
this part of the local line plant, and itjs believed that 
development work now in progress wO result in simple 
and inexpensive means being provided for checking 
the ef&dendLes of subscribers’ transmitters and receivers 
after the latter have been put into service. 

B, External Wire . Plant in an Exchange Area, 
The circuits which connect the subscriber with his 
local exchange (usually referred to as " the subscrit^’ 
loop’’), as well as those interconnecting the various 
oxchanges in a modem telephone S 3 ratem, are usually 
carried in lead-covered cables (aerial or underground). 


by a fundamental plan study. Different len^ of 
subscribers’ loops require different sizes of conductors 
in the cable, but, geierally speaking, it has been found 
to standardize the sizes of conductors m a 
cable and, ordinarily, 3 sizes of conductors are used, 
namely: 


British Standard. 

American Wire Gauge 

Diameter, in mm 

(nominal weight of 
conductor per mile) 

(B.&S.) 


201b. 

No. 19 

0-91 

101b. 

No. 22 

0-64 

6 Jib. 

No. 24 

0*61 


Th use of a still smaller size, namely, No. 27 B. & S. 
or 3i lb. conductor (0*36 mm), has been considered fo;: 
short subscribers' loops in congested areas. In some 
instances it has been found economical to combme two 
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sizes of conductor in the same subscriber’s loop. On 
account of the circuit density near exchanges, and the 
consequent duct congestion, the smaller size has usually 
been placed at the^exchange end of the loop. 

For reasons inherent in th^ size of the exchange area 
or the natural growth of a community, it happens that 
a few loops exceed the limiting resistance contemplated 
in the fundamental study. Special methods may have 
to be resorted to, such as the use of auxiliary batteries 
on the subscriber’s premises, parallel working of pairs 
where spares are available, etc. 

In order to give some idea of the magnitude of the 
normal losses in subscribers’ lines it may be stated that 
from 4 to 6*6 miles equivalent in standard cable may 
be regarded as good practice. The loss, as stated, 
represents the mean value of the sending and receiving 
losses ^hen referred to a circuit, using a standard 
common-battery instrument and zero subscriber’s loop. 

These subscriber’s line losses can be related to the 
resistance of the subscriber’s loop in accordance with 
the following table: 


transition losses at the exchange end can be materially 
reduced by means of suitable transformers. 

(c) Trunk switching circuit. —Strictly speaking, this 
circuit is part of the long-distance (trunk) plant and, 
as such, it is ther^ore important that the transmission 
losses should be reduced to as Iqw a value-as it is 
economically possible to produce. 

The standard of transmission which has been found 
desirable is such that the equivalent of the circuit 
should be from 1 • 5 to 3 miles of standard cable. Where 
the circuit is of sufficient length, it may be loaded, the 
conditions in this respect being substantially the same 
as for the long junction circuits. 

{d) Order-wire circuits, —Good transmission over order- 
wire circuits is important for maintenance of proper 
standards of service. For example, although the tele¬ 
phone operators using these circuits are trained listeners, 
the passing of a wrong number may occur because of 
reduced efficiency of the line. Repetition and conse¬ 
quent waste of operating time follow, to the detriment 
of the service. 


Table 2. 


Type of cable used 

Subscriber’s line losses 

Cottduclor 


Mutual capacity 

4 standard miles 

6*5 standard miles 



fiF per mile 

/utF per km 

20-lb. (0*91 mm) 


0*086 

0 063 

170 ohms 

240 ohms 

10-lb. (0-64 ram) 


0*083 

0-060 

190 ohms 

280 ohms 

6|-lb. (0*51 mm) 


0*078 

0-048 

220 ohms 

325 ohms 


The question of loading subscribers* loops to improve 
transmission has been considered. The improvement 
obtainable by this means is not very great, chiefly 
because the impedance of the subscriber’s set and the 
repeating coil both have a positive reactance. Further¬ 
more, no gain is secured by this method in the battery 
supply, which forms a major part of the loss in long 
subscribers’ loops. 

(6) Junction circuits. —Junction circuits are less in 
number and generally longer than subscribers’ loops, 
and can therefore economically justify a higher grade 
of construction. Cable conductors up to 40 lb. per mile 
in weight have been used, while 20-lb. conductor circuits 
are quite generally used. Under certain circumstances 
loaded 10-lb. conductors are used, as described below. 

Th^ ,allowable transmission loss in junction circuits 
in a well-designed exchange area may fall between 7 
and 10 miles of standard cable, and should not exceed 
the latter figme. Ihese values are, however, not to be 
regarded as absolute figures, as they are dependent on 
other factors, notably the limiting loop resistance and 
the general standard of transmission adopted for the 
system. 

It has been found economical to load junction circuits 
in the case of long 20-lb. and 10-lb. conductors, The 


During busy hours it frequently happens that 4, 
and in some cases as many as 6, A ” operators come 
in simultaneously on an order wire. In the former 
case the added loss in transmission is about 9 miles of 
standard cable; in the latter case about 12 miles of 
standard cable are added to the loss in the order-wire. 

The total equivalent of any order-wire, from operator 
?o operator, should not exceed 20 miles of standard 
cable. Experience has shown that with this allowance 
very little hrouble is caused, but as soon as it is exceeded 
complaints are quickly forthcoming. 

(2) Transmission Maintenance. 

The upkeep of junction and subscribers’ lines for the 
purpose of ensuring good transmission differs only in 
degree from that required for the long lines. 

{a) Direct-current tests. —^In all cases where a cable 
has been installed it is customary to make tests for 
insulation resistance and direct-current resistance and 
so to establish records of the condition of the circuits. 
The results of these tests, and particulars of the size 
(or sizes) of conductors, number of pairs, etc., are 
usually entered on cards which are kept for reference 
at the exchange. 

Periodic tests axe then, made for the purpose of 
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checking the above results. The insulation test is 
particularly useful as an indicator of the general con¬ 
dition of the cable. Changes noted in this respect 
during successive tests may enable incipient troubles to 
be detected and corrected before the cable becomes 
commercially unfit for service. ^ 

(b) Tests on loaded circuits ,—In addition to the above- 
noted tests, it is good practice to ascertain from time 
to time the condition of the loading coils. A means to 
this end is the line impedance bridge described on 
page 676 and shown in Fig. 17. 

(c) Transmission tests.—The transmission-equivalents 
of a junction circuit can best be measured from the 
main distributing frame. The No. 1-B transmission 
set described on page 671 provides a rapid and reasonably 
accurate means for this test. If great accuracy is 
desired, tests may be made, using the No. 3-A trans¬ 
mission measuring set. The former method necessitates 
the looping of the circuit and consequently a triangu¬ 
lation test, in order to obtain correct values for the 
individual circuits. 

II. THE LONG LINES SYSTEM. 


General. 

The first telephone line was the best telegraph line 
of the day, consisting of a single iron wire with an 
earth return. It soon became evident that this type 
of line was unsuitable for telephone operation, partly 
on account of the disturbances which arose from the 
earth connection and partly on account of the inferior 
transmission qualities of iron wire. 

The introduction of the double-wire copper circuit 
eliminated to a considerable extent both of these defects. 
Early investigators showed the way to the elimination 
of mutual interference when several telephone circuits 
were placed on the same pole line. The various systems 
of transposing telephone wires have all been developed 
as a means not only for the prevention of cross-talk 
between telephone circuits, but also to reduce inter¬ 
ference from neighbouring telegraph and power circuits. 

In recent years the construction of high-tension 
power lines for industrial and railway purposes has 
necessitated further precautions to safeguard the com¬ 
munication circuits against external disturbances. In 
this connection we may mention the important work 
carried out in California on behalf of the Califoima 
Railroad Commission by a Joint Committee of power 
and communication engineering experts. The investi¬ 
gation lasted nearly five years and the recommendations 
of the Committee are contained in a series of technical 
reports subsequently issued by the Railroad Comimssion 
of the State of California on 1st April, 1919 (California 
State Printing Office, Sacramento, 1919). 

The history and development of the phantom tele¬ 
phone circuit formed part of the subject of a recent 
paper before the Institution.* The successful operation 
of the phantom circuit is rendered possible o^y by a 
careful maintenance of balanced line conditions and 
suitable transpositions of the wires. 

Then we have Pupin's epoch-making invention which, 
with the work of G. A. CampbeU and others, gave the 

. * J. G. “ Phantom Telephone C^uits, and ^mbined and 

Telephone Circuits, worked at Audio Frequencies,” Jourml 1922, 

vol. 60, p. 675. 


telephone engineer a practical solution of HeavisWe’s 
theory of the need of increased inductance m telephone 
circuits for the unproveinent of tr an s mi ssion. The 
application of the loading coU to open-wire telephone 
lines extended the t alkin g range o^ this class of circuit 
to a distance of 2 200 nflles (New York-Denver), the 
longest non-loaded open-wire line up to that time 
(1912) being about 1 000 miles. 

Paper-insulated telephone cables had been in use 
several years before the loading coil was commercially 
developed, but the distances which they could cover 
from a telephone transmission standpoint were neces¬ 
sarily limited. To-day, the loading of cables for long¬ 
distance telephony is being adopted in all countries 
where the service justifies it, because the development 
of balanced cables and loading coils has long been 
recognized as a commercial success. 

The latest stage of development is, of course, the 
introduction of the telephone repeater into the long¬ 
distance telephone plant. In their paper on^ Tele¬ 
phone Repeaters ” before the American Institute ^ of 
Electrical Engineers, Messrs. Gherardi and Jewett give 
an exceUent account of the subject. Sir William Noble 
in his paper before the Institution on “ The Long- 
Distance Telephone System of the United Kingdom ’’ 
illustrates the economies to be expected as a result of 
the adoption of the telephonic repeater in the cable 
svstem of the British Post Office. Mr. Gill in his 
Inaugural Address points the way to the solution of 
the international telephony problem, the solution being 
largely founded on the judicious use of the telephone 

repeater. , , , 

The outside line plant of a large telephone system 
represents bv far the greatest proportion of the capital 
investment, and it is therefore not surprising that every 
effort is made to utilize it to the utmost of its capacity. 

One of the latest achievements in this respect is the 
successful adaptation of the principle of carrier-current 
transmission, which enables several telephone conv^- 
tions to be carried over the same metallic circuit. This 
subject is covered in a very comprehensive papered 
in 1921 before the American Institute of Electrical 
Engineers by Colpitts and Blackwell.* Mention should 
also be made of two prominent papers pr^ented to 
the American Institute in August 1922, namdy, Leie- 
phone Transmission over Long Cable Circuits, by 
A. B. Clark, and " The Philadelphia-Pittsburgh Section 
of the New York-Chicago Cable," by J. J. PilUod-f 
This brief survey of the development of the long 
lines transmission problems gives, we believe, a fair 
idea of the need for means to fulfil the more and 
more exacting requirements in regard to the proper 
maintenance of the transmission service. It has hew 
shown that ever greater distances are being conquar^, 
with consequent greater demand on a widely separated 
staff responsible for the operation of a comphcated 

^^?we consider a country-wide telephone system such 
as that represented by the long lines in the United 
States or Great Britain, we find all the industi^ and 
commercial centres linlced up by important telephone 
Transactions of the American Instme of Electrical Engineers, 1921, voL 40, 


1922, vol. 41, p. 446. 
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lines^ By fax the greater portion of . these lines are, 
as yet, made up of open-wire construction, although 
long-distance cables with their greater immunity against 
breakdowns" are rapidly coming into use, where 
ecpnomic considerations demand it. 

The weight of the copper^wires in overhead lines 
economically limits the distance over which commercial 
speech can be carried. 

A glance at Table 3 shows the limitations in this 
respect. For the purpose of this illustration a 16-mile 
equivalent (between test-boards) has been assumed. 


tion of the S 3 ^tem as a whole. The control of the 
circuit as a working unit, and the responsibility for 
securing a specified transmission-equivalent, must rest 
with one station selected for that purpose. 

It may be of interest to outline the procedure which 
is followed in this, respect, taking as an example a 
section of the transcontinental line above referred to. 
This circuit passes through Chicago on its way west, 
and between the two cities, New York and Chicago, 
there are three repeater stations, indicated by crosses 
in the diagram below. 


Chicago Beaver Dam Brushton Harrisburg New York 


O-X- 

296 miles 248 miles 

It is te be noted that the lines referred to are not 
loaded. In the United States the greatest weight of 
open-wire lines which it has been found economical to 
improve by loading consists of about 175-lb. conductors. 
The'problem of maintaining a snlficiently high insulation 
on large open-wire conductors has confined the loading 
to gauges below the one just mentioned. 

Furthermore, it was found that when repeaters were 
installed on loaded open-wire lines some difficulties were 
experienced in maintaining, at all times, a sufficiently 
close balance between the loaded line and its network. 

Table 3. 


Non4oaded Open-wire Circuits, 


Weight of copper 
wire in aensu 
construction 

Diameter of 
conductor 

Maximum distance between 
test-boards 

lb. 

mm 

miles 

km. 

800 

5*68 

720 

1 160 

600 

4-92 

670 

920 

400 

4-02 

410 

660 

300 

3-48 

326 

625 

200 

2*84 

230 

370 

100 

2-01 

130 

i 

1 

210 


The loading of a circuit also reduces the speed of pro¬ 
pagation and limits the frequency-spectrum, which, in 
turn, affects the quality of the speech. It has therefore 
been found more desirable to limit the use of loading 
coils on open-wire lines and to obtain the desired grade 
of transmission by means of repeaters alone. 

In fact, the transcontinental line (New York-San 
Francisco) which was originally loaded and so operated 
with repeaters has since been " unloaded/* and repeaters 
have been installed at more frequent intervals. 

We maj^ therefore regard the long-distance system as 
sections of high-grade lines, located between repeater 
stations or connecting the latter vnth. terminal cities. 

Unity op Control. 

It would obviously not be practicable to depend 
solqly on the maintenance of the individual sections 
(i.e. between repeater stations) for the successful opera- 


-X-□ 

207 miles 181 miles 

(1) Repeater gain test ,—^The control station (Chicago) 
ma^es a roll call and requests the repeater stations to 
measure the repeater gains, to make vacuum-tube 
rejection tests (described on page 662) and to report 
the results at the expiration of 6 minutes. The control- 
station then obtains the reports, starting with Beaver 
Dam. No record is made of this report; the repeater 
stations merely state that everything is in order, or, if 
not, they state briefly the apparent nature of tlie trouble. 

(2) Balancing test 21-test **),—^The control station 
requests New York to terminate the circuit at the 
measuring unit with a non-inductive resistance, equiva¬ 
lent to the impedance of the circuit. Brushton is 
instructed to turn both potentiometers on the repeater 
set to zero, and Harrisburg is told to make an impedance. 
unbalance test (described on page 663 as “21-test") 
in both directions. Beaver Dam is likewise instructed 
to make the same test, the circuit at Chicago having 
meanwliile been closed through a suitable impedance. 
Five minutes is allowed for these tests, at the expiration 
of which Beaver Dam reports. Brushton is then 
requested to restore the circuit to normal and to obtain 
the test result from Harrisburg. In turn. New York, 
Brushton and Chicago then make impedance unbalance 
tests, for which a time interval of 6 minutes is allowed. 
The circuit is then restored to normal condition and 
the results of the last-mentioned tests are reported to 
the control station. 

(3) Talking test.—’An overall talking test is made 
between Chicago and New York, using standard sub¬ 
scribers’ sets at both ends. 

(4) Transmission test ,—^Using a frequency of 1 000 
cycles per second the transmission equivalent of the 
circuit between Chicago and New York is measured. 
The repeaters at the intermediate stations are set at 
their specified gakas and the circuit is tested on the 
“straight away" basis, i.e. using the transmission 
measuring sets described on page 672. 

(6) Ringing test ,—^The last test to be made is a ringing 
test between New York and Chicago. This test is made 
in both directions, so as to ensure that the signalling 
apparatus is working properly. 

The aCcenuation loss in each line section is a fixed 
quantity, and its magnitude is determined from purely 
economic considerations. In aggregate, these losses axe 
quite considerable when several sections are used in 
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tandem for long built-up connections. The function of 
the repeater is, of course, to reduce these losses and bring 
the transmission circuit down to an equivalent which 
will permit of commercial speech. 

In his Inaugural Address Mr. Gill gave a striking 
•example of the condition which will arise if the gains 
obtainable by means of repeaters are not maintained 
nt their specified values. As the example which he 
gives has an important bearing on the question of 
long lines transmission maintenance, we quote it below 
in extenso : 

** When repeaters are in operation, they must maintain 
constant the gains to be given out or there will be 
serious effect on the speech. If we assume a 4-wire 
circuit between Rotterdam and Milan, 600 miles 
,(810 km) long and having five repeaters in it, operating 
at gains of 23, 30, 30, 30 and 23 standard miles (S.M.) 
respectively, say an average of 27*2 each, we need only 
consider what will happen if the gains fall off, since 
4he gains will originally have been set to be as high as 
safely allowable. Assume, then, that the line without 
.repeaters has a net equivalent of 148 S.M. from which 
we deduct the repeater gains, 6 X 27*2 = 136, leaving 
the net loss = 12 S.M. Now suppose the gain at each 
repeater station for any reason at all falls ofi by 2 per 
•cent; this will represent 0*64 S.M. each, or 2*7 S.M. 
for the five stations, and the net result will then be 
increased from 12 to 14*7 S.M., an increase of 23 per 
cent in the loss in the line. Should the gain on each 
repeater fall by 7*6 per cent the total additional loss 
will he 10* 1 S.M., and the final net loss will be increased 
from 12 to 22*1 S.M.—an increase of 84*6 per cent. 
In this case the loss would be so great that probably 
-the line would become unworkable. I have chosen 
ithese examples to show the importance of uniformity 
•of construction, uniformity of maintenance, and uni¬ 
formity of operation; it will be seen afterwards what 
is their particular application. The examples are rather 
•understated than exaggerated; it would have been 
quite reasonable to have taken a case with 20 repeater 
stations in tandem, and, furthermore, the gain given 
by a repeater would not in fact be one definite figure 
for all frequencies.'' 

The problem of long lines transmission maintenance 
may therefore be separated under two headings: 

(A) Repeater station maintenance. 

(B) Repeater line section maintenance. 

In practice, all the tests required for both (A) and 
j(B) are carried out either from the repeater station or 
from a terminal station. It will therefore be convenient 
to describe briefly the nature of thsse tests and the 
practical methods used in applying them to the system 
as a whole. ^ 

(A) Repeater Station Maintenance. 

In order to ensure at all times efficient an(^ reliable 
•service, it is very important that a definitely established 
maintenance routine should be carried out, and periodic 
tests made upon the various elements which go to make 
up a repeater station. 


For this purpose certain testing equipment is always 
included in repeater stations, consisting of suitable 
voltmeters and ammeters for the purpose of checking 
the normal operating voltages and currents in the 
repeater circuits. The testing equipment also includes 
means for determining the transmission gain which 
the repeater gives in service. There are also separate 
testing circuits for the signalling operations, which 
have to be verified from time to time. 

The tests which have to be made may be grouped 
under the following five headings :— 

(1) A daily test of the battery circuits to check the 

proper values of currents and potentials. 

(2) A periodical test to ascertain that the ringing 

and switching relays in the various circuits 
work properly. 

(3) A monitoring test upon commercial calls. Such 

tests should also be made periodical!}^ on 
through line repeatered circuits. 

(4) A transmission test on the repeater should be 

made at least once a week, to ensure that it is 
giving the desired transmission gain. 

Further and more complete gain tests should be 
made periodically on all repeater units. 

(6) The vacuum tubes should be periodically tested, 
so that they may be replaced when they show 
any signs of ageing. 

(1) Battery The change in the actual gain of a 
repeater is due to the battery variations, and, in order 
that the repeater gain may be kept constant, definite 
limits have to be placed on the voltages of the three 
batteries. 

In regard to the tests of the batteries in repeater 
stations, suitable instruments are provided on the 
power switchboards associated therewith. It is there¬ 
fore an easv matter to check the voltages of (^) the 
battery which supplies the cuirent to the filaments of 
the repeaters; (6) the battery which supplies the anode 
potential to the vacuum tubes; and (c) the battery 
which supplies the grid potential to the vacuum tubes. 

In addition to these tests a further check is obtained 
by measuring the filament current, the space current 
and the grid potential, on instruments mounted on a 
separate panel on racks conveniently located in regard 
to those supporting the repeater panels proper. 

In the latest type of vacuum tube using oxide-coated 
filaments the current under normal operation should 
be 0*97 ampere. This current is allowed to vary 
between 0*94 and 1*0 ampere. Fig. 2, which appUes 
to a t}rpical tube, indicates how the gain of the repeater 
is practically independent of the filament curren-j;, 
except for values outside the above limits. 

The voltage of the plate battery is normally made 
130 volts positive to the negative end of the'^filament. 

Small changes in this voltage do not affect the opera¬ 
tion of the repeater to any great extent. A serious 
variation would, however, result in a considerable 
change in the gain. The limits are therefore fixed at 
126 volts minimum and 136 volts maximum. 

The grid is maintained at 9 volts negative to ^e 
negative end of the filament. The limits imposed "on 
the grid battery are such that the grid voltage does not 
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vary by more than i volt from the mean value 

9 (volte). . ^ , J.V 

If the grid voltage falls below its correct value the 
gain and space-current are increased, and this may be 
accompanied by a ssftarifice in*quality. 

The tiiree efiecte enumerated above may be cumula¬ 
tive and it is therefore necessary, in placing operating 
limits on repeater station batteries, to consider all three 
cases simultaneously. This consideration results in 
imposing narrower limits on the batteries ttan ^e 
required by an individual case. It is this consideration 
which fixes the lower limit of filament current at O'94 
ampere. 

It will be noted that, in fact, v«ary Uttle change m 
gain occurs until the filament current falls below 0-9 
ampere. When the current falls below 0'86 ampere 
the gain 4 ®< 3 reases very rapidly. 

The upper limit of the filament current is imposed 



Fig. 2.—Characteristics of vacuum tube having oxide-coated 
filament. 


for a different reason. As may be seen from the curve, 
the tubes would work well with a much higher filament 
current but the life would be considerably shortened. 
For example, at 1'26 amperes the life is reduced by 
like 80 pm cent. From these consida:ations 
an upper limit of 1 ampere is therefore fixed. 

(2) Ringing tests .—^These should be made under 
actual operating conditions, that is to say, outgoing 
^gnals intended for the distant station should be 
supplied on the line jacks on the toll switchboard, and 
incoming signals from a distant station should be 
received in the same manner as for an ordinary long¬ 
distance call. 

The low-frequency (16 or 20 cycles) signalling ap¬ 
paratus for the repeater drcuit is genaraUy so arranged 
that during the ringing interval the telephone repeater 
is rendered inoperative. When 136-cycle frequency 
qigrigiiing is used, the ringing current is, when necessary, 
alTowed to pass through the vacuum tube in order that 
it may be amplified before being allowed to pass through 


the repeater station. When testing the low-frequencjr 
sienaUing, ihe repeater attendant should Lstm-in on 
the repeater circuit during the ringing intCTval, ^ 
the changes in the repeater circuit, caused by me 
operation of the signalling relays, can be heard in the 
r^eiver. In this way the proper operation can easily 
be verified. If it is. found that the signals do not come- 
through in the proper manner, the relays assoaat^ 
with the signalling equipment should, of course, be 

^(3) Monitoring tes<s.—These need no further comment,, 
except that the equipment whidi is used by the repeater 
attendant should be so designed as to introduce a 
minimum transmission loss when in operation. It is- 
customary, therefore, to arrange the coils, by 
of which the test is carried on, so that they take off 
a very small portion of the amplified output of the- 
repeater unit. 

(4) Transmission tests .—^In order to measure me 
gain which me repeater is giving, a spedal gain-measi^g 
set is included in me modern telephone repeater station. 
Gains varying from zero up to 46 miles of standard . 
cable can be measured -wim a set wim a precision of 
± J mile. A description of me measuring set may be- 
of interest and is merefore given on page 674. 

The normal gains which repeaters are require m 
give should be specified as determin^ by me 
lay-out work when me repeaters are installed. These 
repeater gains should never be changed by me lo^ 
repeater attendant except on instructions from me 
office which has control of me transmisaon efficienm^ 
of me trunk drcuits on which me repeaters are opmat^. 
Teste should be made weekly for bom me East 
and “ West ” amplifier drcuits at me working potentio- 
meter steps. 

Gain calibration should be made on all repeaters 
periodically, and these calibrations should be used to 
check the weekly gain measurements. These calibration 
measurements are made to ensure tl^t the 
frequency characteristic of the repeater is correct, and 
to check the functioning of the filters. 

Measurements should be taken at least every six 
months and should be made preferably at the 
working steps at the following frequencies: 200, 1 000, 
2 000, 2 500 and 3 300 cycles. 

The single-frequency measurements made weekly at 
1 000 cycles and checked by the half-yearly figur^ are 
used in connection with line-balance tests and also as* 
an indication of any incipient trouble in the apparatus 
or vacuum tubes. 

(5) Vacuum-tube fejection tests .—In order to determne 
whether or not a vacuum tube is defective, a direct 
measurement of the repeater gain should be made by 
means of the precision-gain measuring ^ apparatus. 
Tubes are taken out of service when the variation in 
gain between the allowable current-Umits stated above 
is greater than one mile of standard cable. 


(B) Repeater Line Section Maintenance. 

The weU-known type of telephone repeater designed 
for ordinary 2-wire circuits depends for its proper 
operation on an accurate balance between the line 
section and its equivalent network. So long as the 
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network impedance simulates that of the line with 
sufi&dent accuracy, the repeater will give the desired 
gain. Well-designed networks may, in general, be 
depended upon to maintain their original constants, 
but the line is subject to changes from various causes, 
with resultant changes in its impedance. Variation of 
insulation on open-wire lines, or a faulty loading coil 
in a cable—^to mention two instances—^will affect the 
impedance of the line and cause sufficient variation to 
prevent the repeater from being operated at its desired 
efficiency. Means for detecting such irregularities have 
been developed and will be briefly referred to. 

The tests described below refer specifically to loaded 
cable sections, although they apply, in general, to open- 
wire lines as well. The requirements relating to insu¬ 
lation tests would necessarily be somewhat modified to 
meet special conditions. 

(1) Insulation-’resistdnce and continuity tests» —^Although 
these tests and their object are well known to telephone 
engineers, their importance warrants a reference to 
their application on loaded cable (repeater) sections. 
Generally speaking, if a high insulation resistance is 
maintained at all times, fault location is greatly facili¬ 
tated. Also, continuous vigilance in this respect will 
have its reward, since even a slight decrease in insula¬ 
tion resistance is a danger signal which gives the 
attendant an opportunity of investigating any incipient 
trouble before the cable circuit becomes unfit for 
service. 

Good maintenance practice demands that the follow¬ 
ing routine be observed in regard to the two t 3 rpes of 
test mentioned:— 

The standard voltmeter-deflection method is recom¬ 
mended and the test can most conveniently be carried 
out from the test-board at the repeater or terminal 
station. 

The insulation resistance should be tested between 
cable pairs and between each wire of a pair and earth. 
This test should be made daily on all pairs not in service, 
and fortnightly on all cable pairs in service. 

The continuity test should be made once a week on 
all cable pairs not in service. This test is not necessary 
on cable pairs in service, but can, if desired, be made 
during the fortnightly test for insulation. 

(2) Line impedance test, —^The most obvious method 
of detOTmining the condition of a line section is, of 
course, to measure its impedance over a suitable range 
of frequencies. The apparatus required for this purpose 
may conveniently take the form of an alternating- 
current Wheatstone bridge, the operation of which is 
Well known. 

This method, although very accurate, has the dis¬ 
advantage that it is rather slow. *To test one circuit 
over a rajige of frequencies from 200 to 3 000 cycles 
per second in steps Of, say, 60 cycles takes up the 
best part of an hour and, if a large number of circuits 
have to be so tested, considerable time is consumed. 

More rapid tests have been devised which enable 
the operator to determine, with a fair approximation, 
the condition of the line. These tests in no sense 
replace the impedance/frequency test, which yields 
valuable information, particularly in the location of 
line irregularities. One of these tests, known as the 


singing point test (or 21-test), will be described, as 
it possesses several advantages. 

(3) Singing point test {21-test), —^As is well known, 
the operation of a 2-element 2-wire repeater is only 
made possible by balancing the lifie in the two directions 
by a network, which simulates the impedance of the 
line at all essential voice firequencies. 

If the repeater is a 21, or 2-way 1-element type, 
the degree of balance between the line and its balancing 
network can be expressed in terms of the gain necessary 
to make the repeater sing. This gain is the actual 
effective gain given by a 21-type unit to a circuit, and 
is equal to the calibrated gain as measured on a gain¬ 
measuring set. As shown in Fig. 3, this gain g is equal 
to the actual gain of the element G minus the loss due 
to two divisions of energy at the output transformer. 
This latter loss is 2 x 3 • 2 standard miles = 6^ 4 standard 
miles plus the actual coil loss, the total being approxi¬ 
mately 7 standard miles. Hence g = G *7, With 
coils as actually used, the inherent loss is about O’fi 
standard mile. 

For singing to occur, the gain Q must equal the 



transmission loss T due to imperfect balance between 
line "east'' and line "west," 

i.e. or g^T-1 

From this a new definition of singing point is obtained,, 
namely, the transmission loss across a 3-winding trans¬ 
former minus 7 S.M. * 

If this result is applied to a 22-type circuit when 
arranged for a singing point test as given below, it will 
be found that (T *- 7 is equal to the sum of the calibrated 
gains of the two potentiometer settings plus 7. 

Fig. 4 is a simplified diagram of the " 22 " type 
repeater circuit. In describing the metliod of procedme 
of making the " 21 " circuit test, reference will oe 
made to this figure. « 

To test the balance existing between tl]fe east line 
and its balancing network, the repeater is disconnected 
from the west line by placing a short-circuit plug in 
the repeater " line jacks west" and the west network 
is removed by inserting an open-drcuit plug in the 
repeater "drop jacks west." It will now be seen 
that the output transformer is so arranged ^at it wOl 
operate as an ordinary repeating coil. This connects 
the output of repeater No. 2 to the input of repeater 
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No. 1, forming a '* 21 circuit involving both repeaters. 
The singing point should now be determined by monitor¬ 
ing on the repeater set and increasing the gain, step by 
step, until singing occurs. 

The dials of the two '|)otentiorp.eters should be moved 
up alternately so that they are always within one step 
of each other, and preferably on corresponding steps. 
When singing occurs, the readings on both dials are 
noted. The reading found in this manner has arbi¬ 
trarily been called plus poling.*’ 

The test is then repeated with the position of the 
plugs interchanged as regards their positions in the 
** west ” line and ** drop ** jacks. This latter reading 
is called '' negative poling.” 

The lower of the two readings obtained as describ^ 
above is the more representative one, and is hsed in 
all cases. ^ 

When the unbalance current returns to the input 
terminals of the 3-winding transformer, it may or may 
not be in phase with the original current entry. When 


the two terminals of the circuit, either on a loop or 
direct measurement (i.e. without the aid of a return 
loop) basis as discussed below. 

{a) Direct measurement of transmission. —^The circuit 
which it is desired to test should be connected to trans¬ 
mission measuring set^at both terminals. The terminal 
ofhce in charge of the test can make arrangements 
with the distant terminal over the regular traffic channels. 
Measurements should be made in both directions, one 
station sending while the other receives, and vice vema. 
At the sending station the impedance of the sending 
element should be adjusted to fit the impedance, at that 
station, of the line which is being measur^. At the 
receiving station the impedance of the receiving element 
should be adjusted to fit the impedance of the receiving 
end of the line, and also the impedance of the sending 
element should be adjusted to match the impedance at 
the sending end of the line in order tiiat the receiving 
set may be properly calibrated to take account of 
differences of impedance, if any, between the two ends 



this return current is directly in phase, the cumulative 
result will be greater than when it is out of phase. 
For this reason two pohngs are taken, one of which 
will bring the return current more nearly in phase 
with the original current than the other, and will there¬ 
fore give a lower singing-point reading. 

The calibrated gains used in obtaining the singing* 
point are obtained from the weekly tests mentioned in 
n previous section of this paper. 

1^4^ Impedance unbalance test. —In the ” 21 ” test the 
singing point is observed at the particular frequency 
at which- the repeater system sings inost readily, i.e, 
the frequeiicy at which the impedance unbalance between 
the line and its network is greatest. 

A method has, however, been developed which enables 
the singing point to be accurately determined at any 
desired frequency. This method and the particular 
testing designed for these purposes are described later 
in this paper. 

{6j Overall transmission test. —^These measurements 
should be made from test-board to test-board between 


of the Une. A more detailed description of this test, 
and the apparatus therefor, is given later in the paper. 

(b) Loop transmission testing. —Where there is no 
transmission testing equipment at the distant office, it 
wiU be necessary to make measurements by looping the 
circuits back at these offices. Measurements should be 
made in both directions over the loop with the im¬ 
pedances in the sending and receiving elements of the 
measuring set adjusted to fit the impedance of the 
line being tested. 

The measurement thus made will give an equivalent 
for the loop which involves two circuits. In order to 
obtain the value of each individual circuit it will be 
necessary to make three loop measurements on three 
circuits and to compute the value for each circuit from 
this triangulation. 

Of the two methods described above, the first is by 
far the simpler to handle from both a testing and a tiraffic 
point of view. Fewer measurements are involved, and 
only the circuit under test to be given up by the 
traffic departinent. 
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Part n. 

METHODS AND MEANS. 

The foregoing section has dealt with the more or less 
general aspect of modern transmission maintenance. 
The economic justification for gjbod maintenance has 
been emphasized and the general lines upon which 
such maintenance is to-day provided for have been 
indicated. The present section deals particularly with 
the various factors affecting transmission efftciency in 
the various portions of the plant, and the methods and 
means for measuring the influence of these. 

The last few years have seen considerable advances 
in the development of precision sets for telephone 
transmission measurement, and it is proposed to refer 
here to the application of such sets to the maintenance 
problem, in order that telephone engineers may better 
realize the ease with which such measurements can now 
be made. 

Experience of the last decade in measurements of 
this kind has culminated in the development of pre¬ 
cision measuring sets in such forms that they can be 


Telephone transmission efficiency can be defined in 
terms of ” intelligibility,” or the abihty of a system (the 
word system as used here comprises the items of tele¬ 
phone plant in service during a conversation between 
two subscribers) to transmit i(feas correctly. Intelli¬ 
gibility can, in turn, be expressed in terms of " articula¬ 
tion,” which can be defined as the ability of the system 
correctly to transmit'sounds. 

The chief factors determining the transmission effi¬ 
ciency of a system are shown diagrammatically in 
Fig. 6, which has been drawn up with particular reference 
to the viewpoint of transmission maintenance. Defi¬ 
nitions for the less well-known terms used axe given 
in this figure. 

The five factors determining articulation, and there¬ 
fore transmission efficiency, are :— 

(A) Non-linear distortion. 

(B) Noise conditions. 

(C) Cross-talk. 

(D) Echoes and transient effects^ 

(E) Frequency response. 
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Operated reliably by the more skilled members of the 
regular maintenance staff. By the use of such instru¬ 
ments the very considerable economy resulting from 
good transmission maintenance can be realized. 

A number of the instruments described in this paper 
differ to some degree as to precision, range and porta¬ 
bility. Forthesake of identification and ready reference, 
type numbers have been used throughout in the de¬ 
scription of the instruments. 

In proceeding to a description of the various me^ur- 
ing sets, it is well to review some of the essentially 
theoretical aspects of the subject. So fax, only the 
more practical aspects have been dealt with. 

As the transmission efficiency of any portion of the 
telephone plant depends upon a large numbe%of factors, 
it is well here to consider these in -ttieir relation to one 
another, as this will, of course, determine the care and 
cost which can justifiably be expended in maintenance 
tests upon each. 


(A) Non-Linear Distortion. 

Non-linear or asymmetric distortion is the least im¬ 
portant of these. It occurs chiefly in repeaters and in 
transmitters when these are handling energy in excess 
of the value for which they have been designed. 

In the case of repeaters it may be brought about if, 
by the imperfect control of repeater gains upon a long 
line, the power handled by a vacuum tube in the repeater 
is greater than it should be. In practice this is guarded 
against by a proper observation at each repeater station 
of the “transmission level,” or in other^words the 
voltage upon the circuit. 

In the case of ordinary transmitters, non-line^ dis¬ 
tortion is greatly increased during loud speaJdng or 
shouting, particularly when thJS is close to the 

instrument, . . „ 

The next two factors induencing transmission effi¬ 
ciency, namely, noise conditions and.frequencyrespSnse, 
are interdependent in that it is the difference between 
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the volume of reproduced speech and the volume of 
noise present which influences the articulation. 

Both these factors are therefore of great importance. 

(B) N61SE Conditions. 

The study of the influence of noise conditions upon 
transmission efficiency has only of recent years received 



Fig. 6.—Circuit of noise-measuring set. 


the attention which it deserves, and, although modem 
plant is now planned and constructed taking full account 
of the noise conditions to which the system might be 
subjected, it is necessary to be on the alert lest the 
increase in the noise condition of the circuits reaches 


conditions of repair an incorrect connection is made 
within the set, leading to excessive side tone, this should 
be immediately observed and therefore corrected at 
once. Terminal noise is due chiefly to room noise 
which, except to the degree that its effects are worse 
when side tone is excessive, can obviously only be 
diminished by the subscriber. The most serious effect 
of room noise is due to side tone when receiving; 
it can be reduced by covering the transmitter mouth¬ 
piece with the hand. When subscribers^ sets of the 
anti-side tone t 3 pe are used, the effects of room noise 
are avoided. In cases where the transmitters employed 
are of a type unsuited to the circuits in which they 
are used, terminal noise may be caused by transmitter 
burning. 

(2) Line noise. 

(a) Inductive interference .—Line noise is generally due 
to inductive interference from external power circuits. 

The important part which noise plays in determining 
the transmission efficiency of an average commercial 
telephone connection can be realized from the following 
example, based on known data regarding the influence 
of noise and other factors upon intelligibility. 

Assuming a connection under average plant conditions 
between two subscribers each provided with central 
battery sets on I-mile loops (20-lb. conductor) and 
connected by aenal lines equivalent to 30 miles of 
standard cable, the average line noise present upon 
such a connection is responsible for a decrease in intelli- 
gibility equivalent to the decrease in intelligibility 



such values that the transmission efficiency is impaired 
to an appreciable extent. 

(1) Terminal noi ^.—This calls for little comment. 
Its presence at the sending end is due to the side tone 
of the terminal instrument, which is determined by 
the '‘design of the latter and is therefore not likely to 
vary from time to time. Should it happen that under 


which would be caused by increasing the equivalent 
cable length to about 46 miles, with the circuit abso¬ 
lutely quiet. (The increase in distortion with an 
increase in equivalent cable length has here been 
neglected.) 

The noise upon any circuit can be directly measured 
by means of a ** 1-A noise-measuring set in terms 









TRANSMISSION MAINTENANCE OF TELEPHONE SYSTEMS. 


of an arbitrary noise unit. The effect upon transmission 
-efficiency of various amounts of noise has been closely 
.studied, so that an estimate can now be made of the 
reduction in intelhgibiUty in any ^ven case due to the 
•presence of a given amount of noise. 

The circuit of ihe noise-measiJnng set referred to 
above is illustrated in Fig. 6. It is a portable instru- 


calibrated to read in millionths of the output current 
from the source. 

The circuit arrangements used for noise measuremei^ 
are shown in Fig. 6. In measuring noise to eartl^ ihe 
two wires of a circuit wii:hin the dhble under test {being 
subjected to the inducing influence) axe connected to 
earth through a high resistance in series with the noise- 
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ment including a standardized vibrating element or 
noise standard generating a noise of comparatavely low 
fundamental tone very rich in harmomcs. It is used 
in conjunction with a potentiometer, the noise upon 
the circuit under test being observed in a reviver and 
measured by adjusting the potentiometer setog unttl 
the in the receiver, when connected alternately 

to line and standard, is judged to cause the same inter¬ 
ference with conversation. The potentiometer scale is 


g05 1000 IZOO 1400 

cyclfeS per Second. 

telephone interference-factor measuring set. 
measuring receiver and the noise unite pr^n^ in toe 

receivermeasured by comparison with thenoise standard. 

This quantity can be regarded as a measure of the 
voltage to e^ induced by the disturbmg i^«enc^ 
and tending to cause noise upon the orcrnt due to 

’^*Th^imber of noise unite present 

when connected across the two lines of the arrart is 
• _jjj.— rpornmed. a.s a. 
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measure of the noise induced upon the circuit. The 
ratio of the noise to earth to the noise in the metallic 
circuit so measured may be taken as a rough index 
of the balance to earth of the cable under test from 
the viewpoint of freSdom fromi inductive interference. 

Two further instruments used in connection with 
noise investigations may be mentioned here. 

The 2-A noise-^analysing set, the circuit for which is 
shown in Fig. 7, is used for determining the frequencies 
of the different overtones present in a noise and, in 
conjunction with the 1-A noise-measuring set, may be 
used for obtaining an approximate estimate of the 
relative magnitudes of the different overtones. 

The telephone interference factor meter, the circuit for 


between telephone circuits in millionths of the current 
which flows from a standard talking set into a universal 
shunt having about the same impedance as a long non¬ 
load ed open-wire circuit, say about 600 ohms. 

The fundamental criterion of cross-talk between two- 
circuits is the amount of the energy transferred from a 
j sending end of one circuit to the receiving end of another 
and, as it may happen that the characteristic impedances' 
of these circuits are different, it is necessary that this- 
fact should be allowed for in measuring cross-talk. 

In most cases it is necessary to make allowance for 
this fact in correcting cross-talk readings as actually 
made with a measuring set by multiplying by a factor 
V(^ 2 !H) »where Zi and are the characteristic impedances* 


Top of ^5 oA cross-talli meaeuimg $tt 




which is shown in Fig. 8, is used to measure the telephone 
interference factor of the wave-form of any electrical 
machine or system, this factor being an approximate 
measure of the relative tendency which the electrical 
plant involved will have to cause noise in a telephone 
circuit, other conditions remaining constant. 

These two instruments are used in association with 
investigational work rather than with regular trans¬ 
mission maintenance, and do not therefore call for 
more detailed description, 

(C) Cross-talk. 

The ordinary methods for the measurement of cross¬ 
talk upon a. circuit by means of a cross-taUi meter are 
now well known to telephone engineers. Until recently 
it was found convenient to express the cross-talk 


of the disturbing circuit and the disturbed circuit" 
respectively. 

In making cross-talk measurements upon noisy lines, 
difficulty is experienced in obtaining a good balance 
between the cross-talk current in the testing receiver 
when connected ahernately to the disturbed line under 
test and to the cross-talk meter. This practical difficulty 
is eliminated in the cross-talk measuring se^t indicated 
in Fig. 9 in which two balanced receiving circuits are- 
used to connect together the receivers, the “listen^' 
terminals of the cross-talk meter and the disturbed- 
line, in such a manner that the line noise will be heard 
at all tirges in the receivers while the presence of the 
disturbed line will not affect the current flowing into* 
the receivers from the cross-talk meter, and vice versa. 
This is, of course, an application of the Wheatstone 
bridge principle. 
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This set is arranged to measure the current in the 
disturbed circuit in millionths of the current passing 
in the receiving circuit, assuming that these circuits 
are of the same impedance. It is, of course, important 
in making such tests that the circuits under test are 
terminated with impedances of the^ame order as those 
of the circuits. In the cross-talk measuring set referred 
to, the circuit under test can be terminated by im¬ 
pedances approximately corresponding to 1 800, 1 200 
or 600 ohms, repeating coils (transformers) with variable 
ratios of transformation obtained by means of tapping 
being employed. These values have been chosen to 
cover the range of normal impedance values occurring 
in a modern telephone system, namely, “heavy*' 
loaded, “ medium " loaded and non-loaded cable circuits. 

A balanced retardation coil is provided in the testing 
circuit to enable cross-talk tests to be made between 
the phantom and side circuits of a group of four 
wires. 

For the termination of the distant ends of the circuit 
under test it is usual to employ a resistance box, from 
which resistance values corresponding to the three 



Fig. 10,—Curve showing variation of cross-talk 
with frequency. 


at the end of the line is known, the two values must 
be combined at an angle, depending on the frequency, 
to obtain the total cross-talk. The cross-talk due to 
each source alone varies approximately as the frequency, 
but that due to two sources may vary more rapidly, 
owing to the variation of the angle between them. 

From the above, it is evident that since a small 
change in value of a single frequency might cause a 
change from a high to a low value of cross-talk, single¬ 
frequency cross-talk tests cannot in general be relied 
upon to give an indication of the cross-talk condition 
of the plant. 

A source of power has been developed which gives 
results comparable with those of speech. It consists 
of an electrically driven vibrator, giving a low-frequency 
tone rich in harmonics. In using this source of power 
for cross-talk measurement or loaded circuits, a network 
is inserted in the circuit to limit the current passing 
and to terminate properly the sending circuit. 

(D) Line Echoes and Transient Effects. 

These effects are inherent in. long-distance circuits 
involving loading and repeaters, and are taken into 
account in the design and planning of such circuits. 
They are dependent on the type of loading employed 
and the number and location of the repeaters, also 
upon the transmission gains at which the repeaters 
are operated and the degree of unbalance between 
balancing networks and lines. If under service condi¬ 
tions these effects are found to be appreciable, they 
must be diminished by a reduction of repeater gains 
or by an improvement in the degree of balance between 
lines and balancing networks. 

The instruments used for the measurement of repeater 
gain and line impedance balance are referred to later. 


From tests made on a quad of 1.-0 mm conductors m cable, 22 ? km 
loaded every 2 km with 0‘177-henry coils m the side drcuite and 0 ^ 
coils in the^ phantom side. The far end was terminated with pure resistance 
equal to the diaracteristic impedance. 


impedances given above can be obtained. For con¬ 
venience of making phantom circuit to side circuit 
measurements, the resistances for terminating the side 
circuits are of the balanced type, the mid-points being 


used for taking off the phantom taps. 

It is, of course, of vital importance that cross-talk 
measuring apparatus such as that described above is 
carefully balanced and itself free from cross-talk. 

In making cross-talk tests upon circuits, it is im¬ 
portant that a source of testing current be employed 
which gives results comparable with those obtained if 
actual speech were employed. 

When cross-tallc frequency curves a^fe obtained from 
measurements on loaded cable pircuits, it is frequently 
found that’ Axese are not smooth and regular but are 
of an undulatory nature. Fig. 10 shows a typical 
curve of this kind. The undulations may be due to a 
variety of causes, one of which, and probably the most 
important, being that the cross-talk as measure^ is the 
summed-up effect of a number of sources of cross-talk 
which combine in different ways, depending upon the 
frequency. If there are two sources of cross-talk not 
close together and the cross-talk due to each as measured 
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(E) Frequency Response Characteristic. 

The last of the five chief factors determining the 
bransmission efficiency of the system remains to be . 
dealt with. 

This factor has been referred to earlier as the fre¬ 
quency response characteristic of the system,- and 
involves the volume transmission efficiency of the system 
for all individual frequencies occurring in the sounds 
which it is desired to transmit. 

The frequency response characteristic of a system is 
usually represented by a curve plotted between response 
(vertically) and frequency (horizontally), the values of 
response being in terms of the total attenuation occur¬ 
ring in the system at each individual frequency. 

It will be seen from Fig, 6 that the influence of fre-^ 
quency response upon the transmission efficiency can - 
be regarded as due to two separate considerations, 
namely, frequency distortion and volume efficiSncy. 

■ (1) Frequency distortion is, of course, the distortion 
due to various single frequencies in the telephone range 
being attenuated differently. The term “ volvme 
efficiency,” as used here, involves the idea not of ^^e 
volume efficiency at one frequency but the effective 
volume efficiency due to all the frequencies bemg trans¬ 
mitted, the volume efficiency for each individual fre¬ 
quency being weighted in accordance with its importance. 

44 
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Dealing first with the frequency distortion factor for 
the system, this will depend on the frequency distortion 
occurring in the terminal equipment, comprising the 
telephone instruments and the exchange equipment, 
the frequency distortion in •the lines themselves and 
also in the repeater. The frequency distortion occur¬ 
ring in the terminal equipment and in the lines is 
determined at tlie time the system is planned and 
constructed. 

In the case of repeaters of the 2-wire type, the fre¬ 
quency distortion present may vary from time to time, 
depending upon the margin existing between the gain 
at which the repeater is operating and the singing point 
between the lines and balancing networks between 
which the repeater is working. Ordinarily, repeaters 
of this type are so designed and adjusted that the 
gains giwen at various frequencies are those required 
when the lines and networks with which they are used 
are balanced for impedance within certain well-defined 


demand the same requirements, and the means which 
are employed for the maintenance of these conditions 
are dealt with below under Volume Efficiency.'* 

It is necessary to point out here that in the case of 
repeaters of the 4-wire type the above considerations 
do not apply, as \he gain which such repeaters can 
gfive is not so dependent on the impedance balance of 
the lines to which they are connected. 

(2) Volume Efficiency. 

We turn now to the second factor contributing to 
the frequency response characteristic of the system, 
namely, volume efficiency. From the viewpoint of 
transmission maintenance, this is without doubt the 
most important of any single factor bearing upon 
transmission efficiency. In the early days of telephone 
transmission engineering it was the only factor to 
which serious attention was given by engineers, and a 
tendency remains to-day in some countries to judge 



Fig. 11.—22 '* type repeaters. Effect of lowered fine singing point upon attenuation characteristic of circuit. 


limits. Should it happen that, owing to line troubles, 
the standard of impedance balance between the line 
and network is lowered, and that at the same time 
■ the repeater gain is not reduced by a corresponding 
amount, the gain given by the repeater at different 
frequencies will depart from the normal values. 

This effect is well illustrated by Fig. 11, which shows 
the transmission frequency characteristic of a repeatered 
loaded cable circuit under two conditions : first, when 
the gain given by the repeater almost brings the system 
to a singing condition ; and, secondly, when the repeater 
gain h£ been lowered from its previous value by about 
4 miles of standard cable. 

It is evident, therefore, that the varying effect of 
frequency distortion in repeaters of the 2-wire type 
will have to be guarded against by ensuring that line- 
impedance uniformity is maintained to a certain 
standard, and that repeats gains are maintained 
uniform at certain predetermined values. 

Considerations of volume efficiency for the system 


the transmission efficiency of a S 3 rstem from the attenua¬ 
tion values of its component parts, with entire disregard 
•f noise condition, or even of distortion. 

The volume efficiency of a S 3 rstem depends upon the 
volume efficiency of the component parts, terminal 
equipment lines and repeaters, etc., at all frequencies. 
It also depends upon the transition losses, which are 
liable to occur at the junction between the various 
plant items. 

Of these vaifous factors, all, with the exception of 
transition losses, are controlled by routine trans¬ 
mission maintenance. Ordinarily, in planning the 
system, care is taken that the impedances of the various 
circuit elements, which are or might be used in con¬ 
junction one with the other, are sufficiently similar in 
impedance characteristics to cause inappreciable losses. 
In the matching of the impedance values of various 
pai^ of the plant, repeating coils and transformers 
with'' inequality ratio * * windings play an important part, 
and it is, of course, important in new construction or 
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in extension work that transformers of the proper 
impedance ratio should always be employed,. 

The remaining factors, as will be seen from Fig. 5, 
are resolved into the following items :— 

(a) Terminal-instrument volngne efficiency. 

(&) Exchange losses. 

(f?) Line attenuation. 

{d) Repeater gain. 

{e) Line impedance uniformity. 

The means and methods available for the measure¬ 
ment of these items will now be described. 

{a) TerminaUinstyument volume efficiency .—^Until re¬ 
cently it has been, almost general practice with telephone 
administrations to assume that a telephone set when 
once put into service retains its original efficiency- In 
cases where obvious defects have arisen in subscribers’ 
sets, it has been left to the regular maintenance staff 
to effect such repairs as were clearly necessary, without 


the circuit of which is given in Fig. 12. It has been 
primarily designed for measuring with a 1 000-cycle 
alternating current the transmission losses caused by 
telephone apparatus and exchange equipment under 
regular operating conditichis. It can also be used for 
measuring the loss in junction, trunk hnes, etc., provided 
that the two ends of the circuit or equipment to be 
tested can be made available at the testing point. 
The set is arranged to measure losses from 0 to 46 miles 
of standard cable in steps of half a mile. It is con¬ 
structed in a portable form and weighs approximately 
13 lb. 

While we can use any source of single-frequency 
current giving suitable wave-form and approximately 
the correct frequency, a special single-frequency source 
to give current of a frequency of 1 000 cycles per second 
has been designed for use with the set. This cscillator 
consists essentially of a generator element and a filter 
circuit. The generating element consists of a carbon 



an accurate check on the efficiency of the telephone 
set being made. Undoubtedly the explanation of this 
has been the difficulty and cost of making efficiency 
tests, due to the necessity of making actual speech 
tests under more or less laboratory conditions, the 
volume efficiency of the instrument under test being 
carefully compared with standard instruments of known 
efficiency. 

The institution of repair and reco^^ry workshops, 
where defective instruments are corrected by a specially 
trained staff, and the development of rapid routine 
methods for making volume efficiency tests, have 
overcome this difficulty. 

(6) Exchange losses .—In the earlier part of this paper 
(page 659), reference was made to the neces^ty of 
providing an instrument for measuring in a rapid 
routine manner such parts of the exchange equipment 
as experience has shown to be subject to defects. Such 
an instrument is the 1-B transmission measuring set, 


button and two specially-wound receiver spools coupled 
by means of a tuned metallic reed. The system operates 
off three dry cells, which are mounted in the same 
carrying case as the generating element proper. 

The circuit of this measuring set is made up of two 
artificial line branches, which are permanently bridged 
together, at the end of which the alternating-current 
sourceis connected so that the same alternating potential 
is impressed on both branches. These two branches 
are similar, except that the apparatus or circtslt of 
which the transmission loss is to be measured is con¬ 
nected into the upper one, while the lower one consists 
of an arrangement of variable resistances both in series 
and in sliunt, constituting a variable artificial line. 

In using the set, the variable artificial line in the 
lower branch of the circuit is adjusted so that the 
same volume of transmission is received over each of 
the two branches at the receiving ends, and the loss 
in the apparatus under test is known directly from the 
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setting of the variable artificial line, which is calibrated 
in miles of standard cable. A receiver and a condenser 
in series are connected to the receiving terminals of 
the upper branch of^the circuit, and a 200-ohm resistance 
(which simulates at 1 000 c^'cles the impedance of the 
receiver and the condenser in series) to the receiving 
terminals of the lower branch of the circuit. Actually, 
of course, the receiver combination and the 200-ohm 
resistance are interchanged between the two branches, 
as is necessary for making the transmission deter¬ 
mination by means of a switch. The artificial lines 
used in the two branches of the circuit are made up 
of non-inductive resistances. 

The apparatus to be measured is connected between 
the two parts of the artificial lines in the upper branch. 
The variable artificial line in the lower branch has been 


both ends of the line or circuit under test are available 
at the set. This, as has been explained earlier, involves 
the looping back of lines at a distant point. Apart 
from the obvious inconvenience of such a method, the 
disturbance to traffic conditions involved by the use of 
several lines simifltaneously for testing purpos^ has 
justified the development of an instrument which in 
use involves only the line under test. The circuit of 
this instrument, the 3-A transmission measuring set, is 
indicated in Fig. 13. It is used for measuring the 
transmission equivalents of lines, and also to measure 
the losses in apparatus and exchange equipment, when 
these are desired, to a higher degree of accuracy than 
is possible with the 1-B set described above. 

The 3-A transmission measuring set is arranged in a 
portable form and employs a direct-reading meter. It 




Fig. 13.—Circuit of 3-A transmission measuring set and 3-A oscillator. 


designed in such a manner that, regardless of the 
setting, the impedance of the circuit to the right of the 
resistance r in the lower branch is uniform. The 
resistance R can, by means of a key, be made to have 
any one of three values corresponding respectively to 
heavily loaded, medium loaded, or non-loaded lines. 
Similarly, by suitable changes in the value of r, the 
artificial line made up of r in conjunction with the 
resistance to the right can be made to have any one 
of the^three values mentioned. As the transmission 
loss caused by telephone apparatus depends upon the 
type of line into which it is inserted, the above-mentioned 
arrangement makes it practicable to determine the loss 
due to equipment used vdth various types of circuits, and 
thus to measure the losses under the approximate 
impedance conditions which hold in regular service. 

^ [c) Line atiemtation .—^The transmission set described 
above can be used for measuring attenuation only when 


pses visual indication instead of audible indication. It 
is calibrated directly in miles of standard cable and 
enables transmission-equivalents from zero to 30 miles 
of standard cable to be accurately and quickly measured 
to within 0*1 standard mile. It is also arranged to 
permit the current supply conditions of subscribers' 
operator's cord circuits and switching trunks to be 
measured. 

The dimensions of the set are 22 in. x 8 in. and its 
weight is about 37 lb., excluding the source of testing 
current. While any source of current having the proper 
output, suitable wave-form and frequency, can be used, 
a special oscillator generating a current having a fre¬ 
quency of 1 000 cycles per second has been designed 
for use with the set and is known as the 3-A oscillator. 
This oscillator delivers more power than is available 
j from the 2-B oscillator used with the 1-B transmission 
' measuring set„ 
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• Both the measuring set and its oscillator operate 
satisfactorily from the regular 24-volt battery as a 
source of power. The set contains two vacimm tub^ 
but does not require a separate plate battoy, the 
24-volt battery suppl 3 dng both filament and plate 

currents. • 

The operation of this set when used for measurmg 
the attenuation of a line is briefly as follows 

Referring to the measuring set located at the receiv¬ 
ing end of the line under test, alternating current is 
p^ed from the sending circuit of this set into a re¬ 
sistance network, which approximates in impedance 
to the transmitting end of the line under test. This 
network is connected to another network (haymg an 
impedance approximating to that of the receiving end 
of the line under test) which forms part of the receiving 
circultr. 

The current from the sending circuit flows through 
the networks referred to above, and after passing 
through a transformer and a calibrating network reaches 
an amplifier-detector, the output of which is connect^ 
to a direct-current meter upon which a deflection is 
produced. By means of an adjusting resistance locat^ 
^oss this meter, the deflection is adjusted to a definite 
value. Such tests with the sending and recaving circuite 
(both at the receiving end of the line under test) connected 
together can be called calibration. 

The sending and receiving circuits referred to above 
are then separated, the recriving drcuit being M^ected 
by means of a switch to the receiving end of the hne 
under test, and the sending circuit, or a shnilax <me, to 
the end of tiie line. The calibration network, 

which during calibration caused a definite transmisswm 
loss, is now replaced by two variable measuring net¬ 
works, the substitution being effected by' nieans of 
switches. One of these networks is vanable in smaU 
steps to cause losses from zero to 10 miles, while ^e 
othCT is variable in steps of 10 miles. When the hne 
under test is connected between the smdmg and re¬ 
ceiving circuits, the current which flows into the recmv- 
ihg circuit will, of course, be reduced to a value less 
<than that which was obtained diring calibration, on 
account of the attenuation of the line under test. The 
deflection on the metar will consequently be less than 
when the circuit was being calibrated. If the tran^ 
mission loss caused by the variable measuring newor 
is decreased until the deflection on the meter is tee 
same as during caUbration, the difference between tee 
loss caused by tee fixed calibrating network and that 
caused by tee variable measuring network will be equal 
to the transmission loss caused by the line under test. 
The measuring networks are calibrated to read this 

difference directly. •> ■ . 

The complete sending circuit of the set consists of 
an oscillator; a rheostat for regulatmg its output, an 
alternating-current meter for measuring the o^put, 
a network of resistances which form tee artificiri hne. 

The recaving circuit consists primarily of a resistance 
network, a transformer K, a calibrating network E, 
variable measuring networks F and M, a resistence- 
adjusting dial, an amplifier and detector, and a direct- 

current meter. . , • i 

In the ffftpding drcuit the resistance network mdudes 


the resistances DD, which are adjustable to ha^e a 
total impedance of 600, 1 200 and 1 800 ohms respec¬ 
tively, corresponding to low, medium and high im¬ 
pedance. The resistance H is non-inductive and is 
connected across the t^rmjnals of the artificial line BB. 

It will be noted that the alternating-current miffiam- 
meter is connected in the output circuit of tee oscillator 
so teat it reads tee total current fiowing through tee 
resistances BB and H. The resistance H is so low in 
comparison with BB teat only a very small pro^rtion 
of the total current fiows through BB when it is con¬ 
nected to the line or to a receiving mcuit. Therefore, 
with a given current through tee millia mm eter, it can 
be assumed that tee voltage between tee points CC is 
practically independent of the imped^ce to which tee 
sending circuit is connected, and that if any two sending 
drcuits have tee resistances and currents adjusted to 
the same values, the voltages across tee points CC 
will be equal. 

In the receiving circuit the transformer K is shielded 
and so designed teat its impedance will be approrimately 
600 ohms when connected to tee apparatus to its right. 

In order that the impedance of tee receiving circuit 
can be adjusted to tee values of 600, 1 200 and 1 800 
ohms corresponding to tee impedance of tee receiving 
end of the line, resistances are connected between the 
coil and the terminals to which tee line under test is 
connected. The calibrating network E is a potentio-. 
meter designed so that tee ratio of tee voltage impressed 
by it on the amplifier to that impressed upon it by 
the transformer K corresponds to a transmission loss 
of 30 miles of standard cable at a frequency of 800 
cycles per second. The variable measuring networkM is a 
potentiometer having a total resistance corresponding to 
that of the calibrating network E, but designed so ^t 
it can be adjusted to cause losses from zero to 10 miles. 
It is in tee form of a circular slide wire and is calibrated 
in steps of 0*1 mile. The variable network F is a 
constant-impedance shunt, so that the ratio of the 
current entering tee variable network M, to tee cuirerrt 
entering the shunt, can be adjusted to valura which 
correspond to transmission losses of 0, 10 and 20 n^^ 
of standard cable at 800 cycles per second. The 
am plifier and detector circuit contains two vacuum 
tubes, one serving as an amplifier and tee oteer m a 
combined amplifier and rectifier or detector. The 
adiusting dial is a circular slide-wire potentiometer, 
the setting of which detramines tee current supph^ 
to the direct-current meter. It is so arranged that me 
impedance, as looked at from tee direct-current meter 
totals, is constant, thus keeping constant tlie damp¬ 
ing of tee meter. xv »«+ 

The various jacks and. terminals enable tee set to# 
be used with different types of jacks, or wite ortenary 
wires, and also permit tee ilse of the set for tee ipe&sure- 
ment of current-supply conditions, etc. 

A still higher development in transmission m^unng 
apparatus is tee 4-A transmission measuring set. This 
set has been designed for use at tee more important 
centres in tee trunk line plant for making m^iwements 
over a greater range of conditions, particularly as 
regards frequency, than is possible with tee sets already 
described. 
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The approximate overall dimensions of this set are 
E3 in. X 18 in. x 14 in. It is intended as a permanent 
fixture in important terminal stations, and is usually 
provided with a number of local circuits terminating 
on jacks for the use of the test clerk, to facilitate the 
measuring of a large number of circuits with a minimum 
of delay. Various signals and a telephone set are 
provided for use in conducting the tests. The circuit 
arrangements of this set are similar in principle to those 
in the 3-A set described above. 

The range of measurement is, however, greater, as 
losses from 0 to 60 miles and gains from 0 to 20 miles 
of standard cable may be measured to 0*1 standard 
mile. The amplifier-detector provided in this set has 
three vacuum tubes, this number being necessary on 
account of the considerable range of the set. 


repeater station can be checked and calibrated for any 
setting of the gain control, it is usual to provide at 
least one repeater gain set of the No. 2 type. This 
gain set is mounted on two panels which are situated on 
the same rac^s as the repeaters, and is located in close 
proximity to jacks connecting to the various repeaters. 
One of the panels comprises the gain unit and the other 
an amplifier unit. The set is capable of measuring 
gains up to 46 miles of standard cable (800 cycles per 
second) in steps of 0‘6 mile. Fig. 14 shows a simpli¬ 
fied diagram of the circuit. Alternating current at 
1 000 cycles per second is fed to the input temadnals 
of the gain unit and passes through a repeating coil 
to two separate circuits, which are coimected in series 
through the secondary windings of the repeating coil 
so that the same current fiows into each. A variable 



While for obtaining the relation between attenuation 
and frequency for any line, a variable-ftequency 
oscillator giving any single frequency between, say, 
200 and 4 000 cycles is used, this measuring set is 
chiefly used in conjunction with a special oscillator 
(6-A) to make measurements at 1 000 cycles per second. 

The 6-A oscillator delivers testing current the fre¬ 
quency of which varies rapidly to and fro over a range 
-from 900 to 1100 cycles per second, and experience 
has shown that although the true attenuation/frequency 
curve *^ 0 ^ the line is somewhat irregular, owing to 
slight impedance irregularities in line construction, the 
attenuation measured when this oscillator is employed 
is substantially that which would be obtained with 
a single-frequency measurement at 1 000 cycles per 
second, if the line construction were ide^, that is, free 
from all irregularities: 

.{d) Repeater gain ,—^In order that the gain given by 
any repeater (of either the 2-wire or 4-wire type) in a 


shunt is connected across the input terminals of this 
coil to enable the input current to be adjusted. 
The two separate circuits join together again at the 
switch-key. 

Following the upper circuit in the gain unit, the 
current passes through an artificial line, shunted by a 
variable resistance controlled by a dial switch and 
designed to give a series of losses in steps of 6 standard 
miles. The terminals of this artificial line are connected 
to the input terminals of the repeater to be tested, the 
output terminals of which are connected to another 
artificial line closed with a resistance. The terminals 
of this resistance are connected to the switch-key. 

The lower circuit in the gain unit consists simply of 
one reristauce shunted by another variable resistance 
controlled by a dial switch and designed to give losses 
in steps of 0*6 mile. The terminals of this resistance 
are also connected to the switch-key. . 

The amplifi^ circuit, which is shown in the lower 
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part of Fig. 14, comprises two vacuum tubes, lie first 
of which acts as an amplifier and the second as a 
detector, in the plate circuit of which is connect^ 
a galvanometer. The switch-key is connected to 
amplifier 'valve through an input transforms. The 
sensitivity of the set is adjusted tjy var^g the gnd 
potential of the rectifier by means of a sUding cont^t 
.on a resistance connected asoss the filament of the 
first tube. The switch-key connects the mpot or 
the amplifis to either tiie upper or lows circuits of 

the gain unit. . . j 

In making the test the repeats is connected in tte 
upps circuit of the gain unit, and the two va^ble 
shunts are adjusted until the same reding is obtain^ 
upon the galvanometer for eiths poation of the switch- 
key. It is obvious that under this condition the 
voltages developed at the end of both the upper md 
lower circuits of the gain unit are equa,!, and, ance e 
currents which enter these two circuits are the sa^, 
it follows that the gain given by the repeater ^ 
equal to the diffsence between the losses caused by the 


1 130, 1 420, 1 800 and 2 280 ohms respectively) being 
available. These impedances should be set to approxi¬ 
mate to the impedances of the lines on which the re¬ 
peater is designed to work. The “ Gain and l^ss ’ key 
is put in the “ Gain’* position, and t)je “Meter-Recaver 
key is put in the " Met^ ’’ position. The resistance 
A and B are adjusted until the output currents of each 
drcuit branch are equal. This equality is determmed 
by means of a thermo-couple and galvanometer m a 
drcuit arrangement having an impedance of 1130 ohms. 
The operation of the "Test” key close one circuit 
branch through the thermo-couple and at the same 
time connects a resistance of 1130 ohms acres me 
oihfflr circuit branch. When no change in the defletion 
of the micro-ammeter is caused by the operation of 
the tet key, the readings of dials A and B give the gain 
of the repeater in miles of standard cable. 

The set may be used to measure the transmission 
loss in a piece of apparatus by connecting the app^atuS 
between the " In ” and “ Out ” terminals, the Gmn 
and Loss ” key being set at " Loss.” In general, the 



shunts in the two circuits, neglecting for the 
losses occurring in the two artificial Imes md the trana- 
tion losses wHch may occur at the repeats temunal^ 
due to the impedance values of the artifiaal hnes and 
the repeater not matching exactly. 

Actually acconntis taken of thelatter lossesin cahbra- 
tion. A panel-mounted single-frequency oscillator, in¬ 
cluding twO vacuum tubes, is usually provided at 
repeater stations for use with the above set. 

The circuit of a repeater gain-measunng set in a 
portable form is shown in Fig. 16. This is the ^A 
repeater gain-measuring set, which can be used also 
■ for the measurement of tran8mlssion4osses. Its range 
is from 0 to 90 miles of standard cable (800 cydes per 
second) in *eps of 0-2 mile. The set is^coatW m 
an oak case approximatdy 9| m. X 6i m* X 24 m. 
and weighs about 33 lb. _ 

The repeater of which the gain is to be measu^ is 
connected to tiie set, tiie input of the repeater bemg 
connected to the “ In” terminals of the sd,*and^e 
output being connected to the “ Out ” t^nals. The 
Input ” and " Output Impedance ” dials are s®* to 
the required values, seven impedances (300, 700, 890, 


energy output hrom each branch of the circuit will be 
insuffident to operate the thermo-couple when the set 
is used in tiiis way. A receiver is therefore employed 
to balance the set and is connected to the terminals 
marked " Receiver,” the “ Meter-Receiver” key bemg 

in the “Receiver” position. . 

Witii both the above sets an oscillator capable of 
giving power at any angle individual frequency be^een, 
sav 200 cydes and 3 000 cydes can be employed. An 
oscUlator of this type (the 4-B oscillator) is referred to 

later. . . -u* 

le) Liw impedance The gam at which 

2-'^e repeaters can be satisfactorily operated depend* 
to a large extent upon the degree of balance existing 
at all essaitial frequendes between the imp^&n^ of 
the line and the balancing network associated witii it. 

While the 21-test already described enables the detw- 
mination of the " singing point ” of a line aga^t its 
balancing network at the particular frequency at which 
the impedance unbalance is a maximum, it is sometimes 
necess^ to know the " singing point” at a number 
of frequendes in order that the nature of the ^use.of 
the ^balance may be located. This information can 
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The voltage-drops in the resistances H and I are opposed 
through the galvanometer, which stands at zero when 
the two currents are equal. 

After connecting up, the first step in measuring a 

singing point’* is to calibrate the apparatus. This 
is done by using tl^e reference key K which substitutes 
the resistances L and M for the impedances under test. 
These resistances are so proportioned as to give a loss 
of 6*4: miles through the 3-winding -transformer (in 
addition to the copper and iron losses of 0*6 mile) 
without disturbing its impedance relations with the 
rest of the apparatus. The measuring dials of the 
artificial line F are turned to zero—this introduces the 
maximum loss—and the adjustment dial of the potentio¬ 
meter G is turned until the pointer of the galvanometer 
stands on zero. 

Restoring the reference key K to its normal position 
reconnects the impedances under test and reduces the 
unbalance current. The galvanometer is restored to 
balance by turning the measuring dials of the artificial 



Fig. 16. ^Diagram of " 2-A ” impedance unbalance measuring set. 


be quickly obtained by means of the 2-A impedance 
unbalance measuring set. 

The impedance unbalance measuring set is a device 
for the direct measurement of the singing point ” at 
any desired frequency. Fig. 16 is a diagram of the 
apparatus, showing the esse&tial parts of the circuit 
but omitting certain details which are of minor impor¬ 
tance in its operation. The heavy lines show the con¬ 
ductors used when making unbalance measurements. 
The set works on a null system in which a current 
depending upon the quantity being measured is balanced 
through a galvanometer against another current from 
the same source which flows in a reference circuit. 
This eliminates errors due to fluctuations in the output 
of the source. 

Alternating current from an oscillator is applied 
through a transformer A to the two resistances B and 
C in seir.es. The resistance B can be regarded as a 
1 200-ohm line supplying the measuring circuit, which 
begins at its terminals. Current from B passes to the 

Line 


2-^5 'Ending of the 3-winding transformer D, of which 
the line and network terminals are connected through 
the contacts of certain keys to the line and network 
terminals of the set and thence to the impedances under 
test. From the bridge terminals the unbalance current 
passes through an insulating transformer E to the 
adjustable artificial line F and to the potentiometer G. 
The voltage-drop in G is applied to the high-impedance 
mput circuit of a 2-stage vacuum-tube amplifier. The 
alternating voltage in the output circuit of the amplifier 
is applied to the measuring rectifier and the resistance 
H in seri^^, givingrise to a unidirectional current flowing 
in the direction indicated by the arrow. The condenser 
in parallel with H smooths out the current and increases 
the efficiency of the rectifier circuit. 

The alternating voltage across the resistance C is 
applied through the transformer J to the' resistance I 
amd the reference rectifier in series, giving a unidirec¬ 
tional Qurrent in tiie direction shown by the arrow. 


line F, which reduces the loss in F and indicates this 
reduction by the position of the pointers on the dials. 
The reading of the dials is then the loss through the 
3-winding transformer, less the.7 miles (6*4-|-0-6) 
previously existing, which is the singing point of the 
two impedances. 

Having once calibrated the apparatus at some such 
frequency as 1 000 cycles, the whole frequency range 
can be covered by successive settings of the oscillator 
and measuring df^s without furtlier calibration. 

This set can also be used for the locsjtion of line 
impedance irregularities, although this operation can 
be morexlirectly and simply determined by the use of 
the line impedance bridge. 

The circuit of the 1-B line impedance bridge illus¬ 
trated ig Fig. .17 is intended primary for measuring 
the impedance of telephone lines over a range of fre¬ 
quencies for the purpose of locating line irregularities. 
It can also be used to measure the impedance of appara- 
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tus. It consists of a Wheatstone bridge network made 
up of two ratio arms of fixed resistance, a variable 
resistance, a fixed inductance and a variable inductance. 

By means of keys, the inductance may be switched 
to either arm of the bridge, so as to be either in series 



Fig. 17.—Circuit of " 1-B ** line impedance bridge. 


with the line under test or in the opposite arm. Re¬ 
sistances are provided in the circuit to compensate for 
the effective resistance of the inductometer and the 
inductance coil, so that the variable resistance can be 
read directly to obtain the resistance component of the 
impedance. Detection is effected by means of a head 


conjunction with several of the measuring and testing 
sets described above. It is' designed to furnish alter¬ 
nating current of pure wave-form over a range of from 
100 to 6 000 cycles per second by steps of 20 cycles per 
second and with an acci:yracy of O* 1 per cent. 

It comprises an oscillation tube, two amplifying 
tubes and an adjustable resonant control circuit. The 
frequency is adjusted by var 5 dng the capacity and 
inductance of this circuit, which is associated with the 
oscillation tube. A number of features essential in an 
instrument intended for accurate measurements are 
secured by circuit arrangements which result in low 
amplitude of oscillation in the first tube. The frequency 
of oscillation is made relatively independent of the 
tube characteristics, so that recalibration is not neces¬ 
sary if tubes are replaced. The frequency, also, is 
independent of small changes in filament cu^ent and 
plate voltage, and is quite independent of tne power 
being delivered from the output terminals. 

The output of the oscillator is controlled by means 
of a potentiometer connected in the circuit between the 
two amplifying tubes. The power supply required by 
this oscillator is 1 • 0 ampere at 24 volts, and 0 * 05 ampere 
at 130 volts, A rheostat and meter axe provided for 
adjusting the filament current. 

The oscillator is reasonably portable, being mounted 
in a box with carrying handles and having overall 
dimensions approximately 19 in. X 19 in. X 19 m. 

It has not been possible within the limits of this 



• 

receiver. The set has a range of from 0 to 11110 ohms 
and — 0-630 to + 0-630 henry, and an accuracy of 
about 1 per cent. 

With both the 2-A impedance unbalancing measuring 
set and the 1-B impedance bridge, testing cmreait is 
usually obtained from the 4-B oscillator. 

The circuit of a 4-B oscillator is illustrated in Fig. 18. 
It is a typical vacuum-tube oscillator which is used in 


paper to describe in great detail each testing instrament. 
The information which we have been able to include 
will we hope, be of some assistance to telephone 
engineers who are not already familiar with the trans¬ 
mission maintenance practices herein advocated. We 
beheve that the time is not far distant when these useful 
tools win be regarded by the madnten^ce forces of 
telephone administrations as being as indispensable as 
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the Wheatstone bridge is to-day and that they will 
form part of their regular equipment in the future. 

Successful transmission maintenance depends more 
upon the dissemination of sufficient knowledge through¬ 
out the rank and file of the operating staff, than upon 
expert knowledge possessed by officials at headquarters. 

In conclusion, the authors desire to acknowledge their 
indebtedness to the American Telephone and Telegraph 
Company and the Western Electric Company for much 
of the data contained in this paper. 


Assume an open-wire line in which the speed of 
propagation is 180 000 miles per second. Suppose the 
irregularity causes maxima values of the impedance at 
300, 600, 900, 1 200 cycles. The interval here, that is 
(y _ /), is 300 cycles. The distance to the irregularity 
from the end is therefore 180 000/(2 x 300) = 300 miles. 


APPENDIX 2. 


APPENDIX 1. 

Location of an Irregularity by Means of 
Impedance/Frequency Measurement. 

Assume that in an otherwise uniform line (Fig. 19) 
an irregularity occurs at a distance D from a testing 
point. It is desired to locate the irregularity by means 
of an impedance test over a range of frequencies. The 
velocity of wave propagation is kno\vn from considera¬ 
tions of the constants of the line. Let the velocity 
of propagation be F. 

The voltage impressed at the testing end causes a 
current to flow in the line. A portion of this current 
is reflected because of the irregularity. The distance 


Voltage 



Distance 1) 


Irregularity 


Fig. 19. 


travelled by the direct and reflected current is 2D, and 
the total time that elapses before the current returns 
is 2D/F. 

If the current which returns from the irregularity is 
in phase with the impressed voltage, when it returns 
to the sending end the apparent current-flow into the 
line will be greater than would be the case if the line 
did not contain the irregularity. This means that the 
ratio between the impressed voltage and the current, 
i.e. the impedance, is at a minimum value. 

As the reflected wave has taken 2D/F seconds to 
make the return trip, if we assume that it has a 
frequency of / cycles per second, there will be iDffV 
complete waves between the sending enid and iiie 
sending end on the return trip. 

If we now vary the frequency of the impressed voltage 
reither up or down, it will be seen that the reflected 
wave will no longer be in phase with the impressed 
voltagte^ This means that the impedance is no longer 
a minimum, but is increasing. As we vary the frequency 
the phase will change until a point is reached where 
the waves are again in phase. This means that there 
will be one more, or one less, complete wave than in the 
previous case of the frequency/. Expressed in equation 
form:— 

2D//F == 2D//7 ± 1 
or D^±VI2{f-f) 


New Unit for Transmission Measurements. 

Throughout this paper the standard-mile equivalent 
has been used to express transmission losses. This is 
the unit which has been in use for several years in Great 
Britain, the United States, and other English-speaking 
countries. On the continent of Europe it has, generally 
speaking, been the practice to express transmission 
losses and efficiencies in attenuation units (j8l), that 
is, in natural logarithms at one or more chosen fre¬ 
quencies. 

Recently the transmission engineers of tlie Bell 
System in the United States have introduced a new 
unit for transmission measurements and, since it presents 
certain distinct advantages, a brief reference may be 
of interest. 

They define the unit in the following terms: The 
Transmission Unit is one such that two powers are 
said to differ by one transmission unit if they are in 
the ratio of 10<^*i: 1. ^ 

The following are some of the principal factors that 
have led to its adoption:— 

(1) The new unit does not vary with the frequency. 

(2) The new unit is logarithmic in character and 
expressible in our common system of numbers. The 
logarithmic scale is used because the losses in the trans¬ 
mission line are a logarithmic function of the length. 
The logarithmic bases common in applied science are 
the Napierian base e and the common base 10. The 
latter is in more general use and tables of common 
logarithms are more readily available. Furthermore, 
the base 10 makes it possible to visualize the trans¬ 
mission unit more readily than the base e. Ten units 
correspond to a power ratio of 10, 20 units to a ratio 
df 100, 30 units to a ratio of 1 000, and so on. Ten 
to certain fractional powers very closely represents even 
ratios also. For example:— 


1001 = 

Approximately 

1‘26 

Exactly 

1-259 

100-2 = 

1*6 

1-686 

100-8 

2 

1-9 

100-4 = 

2-6 

2-612 

lOO.-e = 

4 

3*-981 

100-7 = 

5 

6-012 

100-8 -s 

6-3 

6-31 

lOO-o = 

8 

7-94 

101 =, 

10 

10-0 


(3) The new unit is based on a power ratio. The 
units which were in use are based on ratios of currents 
or voltages. In considering transmission problems we 
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are fundamentally concerned with the conversion and 
transmission of energy. We are usually interested in 
the ratio of the powar delivered to the receiving set 
undCT one condition as compared with the power 
delivered under another or standard condition; or we 
are interested in the ratio of the powra: output to the 
power input of an apparatus or system. For many 
problems, espemally since many long Unes are charac¬ 
terized by uniform impedance, we may equally deal 
with current ratios or voltage ratios, but transmission 
engineers recognize that it is really the power ratio 
with which they are fundamentally concerned. The 


current or voltage attenuation unit corresponding to 
the one proposed is, of course, lOO O®. 

(4) The unit is of convenient size. For a good deal 
of practical work it is satisfactory to know the tra^- 
misaon equivalent of a long hne "to within one mile. 
Single-frequency measuring apparatus now in common 
use is calibrated to one-tenth of a mile, but seldom, 
if ever, in field work is there occasion for measurements 
to a greater degree of precision. It is desirable to have 
a unit in terms of which the losses and gains of interest 
can be expressed with the use of not more than one 
place of decimals. 


Discussion before The Institution, 6 March, 1924. 


Mr. S. A. Pollock: The paper primarily refers to 
the provision of apparatus for an organized system of 
control in maintaining the ^ciency of a telephone 
S 3 rstem. Anyone with experience of telephones w 
know that it is a very difficult matter indeed to control 
and Tnaintain a large and complex system in a high state 
of efficiency. The need has always been felt for convem- 
ent and simple apparatus to enable the maintenance 
staff to supervise and detect any decrease in efficiency. 
The maintenance of a very large telephone system may 
be studied from various points of view. The present 
paper would seem to indicate that the method advocated 
is to centralize the supervision of maintaiance. Thm 
would apparently facilitate a central control m 
so far as it could enforce a periodical test of the various 
elements of a telephone system and get the report sent 
to headquarters for examination. Where the mam- 
tenance is centralized in that way, probably no better 
arrangement of apparatus could be found except, 
perhaps, in line improvement. 1 do not think, however, 
that everyone would agree that the centralization of 
maintenance is an economic possibility. The apparatus 
described in the paper would undoubtedly serve the 
purpose of detecting losses of efficiency; but, as I 
understand it, when the loss of efficiency is discovered, 
with this apparatus there remains the location of the 
trouble and the remedy to be found for it. It is possible, 
of course, to deal with the question of maintenance in 
other ways, provided that tiie test was suitably devised 
for the critical examination of different parts of t^e 
circuit. In the case of a long telephone trunk line, if 
the organization adnaitted of each section of that trunk 
line being critically examined in such a way as to detect 
any fault, then the tests made would usually enable 
the fault to be immediately located. The same might 
be said for a critical examination of, say, a telephone 
repeater, and also for terminal apparatus such M tiie 
subscriber’s. The subscriber’s line, the connection to 
the exchange and the circuit might be examined piece¬ 
meal, and any fault dwcovered could generally be reme- 
died by the person who is making the test. The overall 
test of a telephone line must necessarily be made from 
a terminal point, for instance from an exchange. The 
information obtained with this apparatus vffiuld, I 
understand, merely indicate that-there is a loss of 
efficiency. My point is to emphasize the fact that the 
discovery of a loss of efficiMicy does not mean its location 


and solution. If tests are designed to locate^ a fault, 
then an efficiency test may be supe^uous. On the 
other hand, sectional tests for the location of faults may 
not be possible in a great system, and I quite agree t^t 
such a method is hardly possible over every hne m me 
country. But do the authors advocate that every hne 
and every circuit should be routine-tested by appara s 
of this description ? If they do, can they pve some 
idea of the cost of instituting a system or org^uation 
of that kind ? It will genarally be agreed that ti it 
were economically possible every item in a tele^one 
system should be periodically tested, but it may ti^- 
pire that the cost of doing so would be ^togetiier 
tive. It is perhaps a question of policy as to whethe 
the subscriber should assist in drawing attention o ^y 
fault tiiat exists. He can give valuable 
and assistance if anything goes wrong wth to M- 
mitter or with his local Une, but a subsmber could 
hardly give much assistance in cases of faults m a lo g 
trunk line. The Post Office Department has consider^ 
this question of maintatong to the P““ 

efficiency of very extensive plant. Probab y „„_ 4 . 
ground telephone trunlc lines of this country 
me bulk of the extension, and the pohcy has bw 
adopted of a periodical testing of th^ 
tr unk lines. But these periodical teste have b 
devised not to make the measurement of ^ 

efficiency, but to detect any defect whatever ^es 
after the line has been installed and test^ v 

The cost of the periodical testing of - 

is probably insignificant compared with th^t of me 
routoe test carried out in the manner suggest^ hy me 
authors. Our experience shows mat me routine tote 
wMoh are adopted for telephone trunto do, 
attention to me slightest loss of efficiency, they too 
enable me fault to be located at once. In 
more important telephone trunk hnes 
routine toting adopted has had me effect of preve g 
^ IcL of efficiency due to faults. Tto is ejcpW 
S^me fact that me tote are devised to show me 
nfinutest defect before it can affect me effiam.^ of me 
line. Furmer, me tote would detect me dtocte wteto 
do not interfere wim me use of me line. It would b 
of interest if me aumors were to supplen^t P®P^ 
by information in regard to me 

The title of me paper is: *' Transmission Mamten^ce 
of Telephone Systems.” The subject might be regarded 
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as including the location of faults, and the problem of 
location has probably represented more ingenuity than 
has the devising of apparatus to discover the mere loss 
of efficiency. The authors raise very little controversial 
matter so far as th€ technicai apparatus is concerned, 
but, having alluded to the economic side of maintenance 
testing, I think that the paper would be increased in 
value if the authors could supplement it by particulars 
of the personnerand cost, and the extent to which they 
would advocate the use of this apparatus on the system 
generally. There are, of course, the testing of telephone 
trunk lines, the testing of junction lines, the toting 
of subscribers’ lines, and the testing of subscribers 
apparatus. It is largely a question of cost. There is 
no difiiculty in providing the apparatus for the purpose, 
as the paper clearly proves; but the question of how 
much mcgiey can be spent economically in routine testing 
is a very controversial point which I believe has been 
studied by many of&cials of the Post Ofi5.ce from time to 
time. In Appendix 2 the authors put forward a very 
interesting proposal to make a radical change in the 
practice of stating transmission losses of efi&ciencies. It 
is certainly attractive in its apparent simplicity. I 
understand that one of the arguments for adopting this 
new unit is the facility which it will afford for the con¬ 
struction and physical representation of the units. 
Some further information on this subject would certainly 
be welcome. In the last paragraph of the paper the 
authors state : “ It is desirable to have a unit in terms 
of which the losses and gains of interest can be expressed 
with the use of not more than one place of decimals.” 
In using the word ” interest ” do they refer to losses and 
gains of general interest to everyone, or of general 
interest to telephone engineers, or has the word some 
other meaning ? 

Mr. J. Stubbs: When, at one period, authority 
was given for the expenditure on maintenance for 
certain circuits serving Continental cables to be double 
the ordinary allowance the result was, not only that the 
circuits were available for a much greater proportion 
of time, but that the actual speed of the circuits rose, 
as far as I can recollect, by about 40 or 60 per cent. 
The value of this increased care in maintenance was 
further exhibited by the fact that when, through some 
change of stafif, the arrangement ceased to function, the 
speed of the circuits altered sympathetically. Most 
telephone men would welcome the development of some 
other unit than miles of standard cable by which to 
express our transmission equivalents. The present 
unit involves that transmission equivalence is the 
inverse of transmission efihciency, which is not entirely 
satisfactory. The fact that to use an ” ordinaiy ” 
repeater coil instead of " the proper type ” would lead 
to a loss of 1 • 8 instead of 0 • 7 brings into prominence the 
importance of ensuring that different items shall be 
readily recognizable both by design and by stock descrip¬ 
tion. On page 660 we are told that lines loaded just 
before the war to improve transmission by the then 
latest known improvement have since been unloaded 
to secure the best results from the still later development 
of repeater working. This, as a sidelight, shows that the 
telephone engineer is quite prepared to make any changes 
that the rapid development of the art demands, I am 


not much in favour of the term ” frequency spectrum ” 
used on page 660. I would suggest that it be referred 
to the B.E.S.A. Nomenclature Committee before it 
becomes firmly established. 

Mr. F. Gill: The economic importance of the paper 
lies in the fact thai?it gives a line of instruments which 
deal in the worlrshop fashion with transmission measure¬ 
ments, so that the}’^ can be used by the ordinary skilled 
man, who can thus grip the maintenance of the trans¬ 
mission part of the system. During the past few years 
a great amount of apparatus—condensers, repeating 
coils, shunts, loading coils, repeaters, etc.—has been 
introduced into the plant, all for the purpose of improving 
the transmission. But if these do not work, trouble may 
remain undetected for some time. In an ordinary 
exchange there are 34 non-inductive shunts and super¬ 
visory relays to every ” A” operator’s position. With 
100 such positions in an exchange, there are 3 400 such 
relays and shunts in use in that exchange. If the 
exchange has been installed a few years, it is not beyond 
the bounds of possibility that some of tliose things may 
have gone wrong. The paper indicates a ready mean^ 
of detection which can be used quickly and easily by the 
regular maintenance men. That is where the importance 
of this matter lies. The economic value of noise is 
given as the difference between a 30-mile and a 46-mile 
standard. If we can measure the noise, and if we can 
keep it down, we are doing something which is of great 
economic value. Mr. T. G. Miller, the General Superin¬ 
tendent of the Long Lines Department of the American 
Telephone and Telegraph Company in the United States, 
in connection with that plant containing 1116 000 miles 
of wire, including overhead wires carried on 27 000 miles 
of pole line, says: ” During the past few ye^s ^e 
extensive use of repeaters, complicated cable circuits, 
carrier telephone and telegraphs, has made better 
transmission measurements necessary. Without these 
instruments it would be difficult, if not impossible, to 
maintain a satisfactory service over many of the circuits 
in use at present. . « . Eighty-five per cent of all the 
long lines, including all the more complicated circuits, 
are now being measured regularly at transmission 
measuring desks.” I take it that one of the things he 
says is, in effect: ” Use these things where it pays, and 
do not use them where it does not pay.” Another use 
tq which they are being put is to check up exchange 
equipments and toll cables at the time of construction. 
The authors point out that measurements can be made 
within something like J mile to mile. In the older 
method, viz. by speech tests, it is quite difficult to make 
a measurement of that small amount, but it is quite 
simple, particularly with visual indication, for the 
maintenance mao to measure down to mile, by using 
these instruments. Mr. Pollock mentioned the centraliza¬ 
tion of maintenance. From my knowledge* of American 
telephone companies, I do not think that they^ are 
likely to centralize anything except major decisions. 
Their disposition is to push the work of maintenance 
dowmthe line, and to make everybody do his share. 
But thae is such a thing as centralization of control, 
such as one gets on board a steamship, where, while 
the different people do their work, the major decisions 
are taken at one central place. A .means of obtaining 
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control is by the drcuit lay-out; the ordinary telephone 
line is the resultant of many losses and gains; the 
circuit lay-out is practically the specification for the 
line, and determines exactly how the line should worlt 
These circuit lay-outs are made by a coii^ittee wmch 
sits daily, on which the traffic, erifeineering and plant 
branches are represented. The new proposal in Europe 
is a system of organizations, each one canying on its 
own work, wiili a consultative committee meeting at 
long intervals and having a permanent office for collect¬ 
ing information. I do not see how the work of making 
circuit lay-outs, the quick answering of questions as to 
facilities, and the direction of a long lines service 
be done by that type of organization. In my opmion 
the European International telephone system will 
sooner or later have to accept some kind of unity of 

direction. . 

Mr. A. J. Aldridge: Routine testmgis of the utmost 
importance, bearing in mind the tremendous amount of 
apparatus that is now in use in many telephone 
tions. Judging from the figure given on page 666, ol 
•the average loss of 15 miles due to noise on the Imes, 
routine testing would appear to be rather more nec^sa^ 
in America than in this country. I should be glad to 
know what that noise really is. I cannot conceive ^y 
lines producing that noise being tolerated at all in this 
country. Transmission testing sets such as those 
described in' the paper are not peculiar to America, and 
Mr Pollock has referred to some that have been designed 
in England. One set of which I have knowledge is a 
portable set designed primarily for testing junction hues. 

A junction line very frequently consists of a large number 
of short lengths of cable. There may be one or two 
exchanges in circuit and generally, as the hne lias 
definite line impedance, it cannot be cl^ed toough 
fixed simUar impedance; some test other than ihat 
suggested by the authors is therefore necessa^. .^o. 
that method of testing by closing the line through ite 
oivn impedance is not altogether satisfactoty, as the 
constants of the line have to be known. Tli® /et to 
which I refer is arranged in two parts, the first S 

an oscillator giving a frequency range of 600, 800 , 1100 
and 1 600 evdes, a screened transformer, an a^cia 
trunk Une and an ammeter. The other set, 
used at the receiving end of tlie Ime, contains ^ 
amplifier-rectifier arrangement similar to the one gr^ 
by the authors, a subscriber’s average hne. and a su^ 
scriber’s average instrument. The me^urement coM^ts 
in obtaining the ratio of current sent into the 
to that received on the average instrument. ^ 
test is thus obtained of the complete circuit used M it 
would be in practice, i.e. terminated at one end by a 
^nk Une and at the other end by «le mstrument. If 
desired tlie galvanometer can be calibrated to read 
direct ill standard mUes. I should be glad 
would give a little more information about the noise 
meiunhg set referred to on page 666 The standard 
Apparently produced by a vibratog dement, 

but that does not seem to be the “O®* 

• Variations produced by changes m the cont&ts, and 
changes in toe reed frequency from sevaal 
appeAr to destroy any claim to constmey. ^ 
bera developing a set on similar Imes. but 1 tomk it-is 


an improvement. An alternator produces the standard 
noise, which is compared with toe disturbance on m 
ordinary cross-talk meter arrangement in toe usual 
way. To facUitate balancing, we have adopted an 
arrangement which, I tWiik, other investigators tove 
found to be very satisfactory, i.e. a kind of flicker 
meter. The currents producing toe two sounds pass 
through a commutator on toe alternator shaft and are 
rapidly interchanged in the receiver. By that means 
it is possible to compare two sounds of quite difiorent 
character, and different observers are found to obtain 
results much more in agreement than they would by a 
simple comparison of toe two differing sounds. I am 
not quite clear how the authors’ test is carried out. 
On page 667 they say that the test is made by comparmg 
the effect on conversation of the disturbance and of toe 
standardized noise. Judging from Fig. 6, I should 
imagine that direct comparison is made between di^ 
turbance and toe standard noise, without any speech 
i^cst. 3i*t 3iU 

Captaiii B. S. Cohen: Although toe methods of 
machine transmission testing, that is, methods o er 
than toe use of toe voice and toe ear, are of great value 
for trunk-line testing, in my opinion they are of even 
greater value for the transmission maintenance of toe 
terminal lines, circuits and apparatus. A multipUmty 
of junctions and subscribers’ lines, subsenbers apparatos, 
private branch exchanges, exchange circuits and wirmg 
losses are all connected to the trunk hne and wito 
recent improvements in the design of toe trunk Im^ and 

[^Vt5ing.thepercentagesoftoeov«alltra^™ 

losses localized in this terminal apparatus are becoi^g 

more and more formidable. 

transmissionmaintenance toe trunklines wMchtemte 

in test-rooms are of course more easy to d^ 



other advances, me -- 

testing apparatus was delayed by tiie war. al^°“S 

stand^d cable-balancing sets operated by 

ear have been in use in exchange rooms for s^ 

yLs. Three types of apparatus have d®vdo^ 

L this country, to two of which Mr. 

referred. These are a set for general mamtma 

transmission testing, a distobmee “®^S 

one for repeatering and trunk-hne 

Reference is made on page 667 to a simple P ^ 

sive means of checking the wortog 

subscribers' transmitters and receivers. 3>etads » 

efficiency can take place in this apparatus. Arhyto^ 

rSS Ls already received attention in this c^ 
audio-frequency range. In FaWe 1 ^ 

lossesandtoeircausesaregiven. 

transmission testing set “.^trShS 

interest. For exmple. a cord ciremt mm 

loss of 2-6 miles of of this test was 

l^Siidy'S^ Iown-to a faulty repeating coil. In 
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two 'other cord circuits, with a normal loss of much the 
same order, there was an excess loss of 3*4 m.s.c. due 
to faulty bridging coils. The point which must be 
^phasized is that np other test would have been 
capable of finding out these faults, with the apparatus 
in situ. On page 665 the authors give a transmission 
efficiency chart commencing with intelligibility, for 
which we use the term/* audibility.*' We consider that 
audibility is the resultant of three main factors— 
volume, articulation and interference. We group 
volume and articulation as being factors of the frequency/ 
amplitude characteristic of the apparatus, which is 
the same as the authors' frequency response. As 
regards non-linear distortion, although in general this 
efiect is only noticeable with repeaters and transmitters, 
it should be made clear that it is capable of occurring 
with other apparatus such as receivers, and even trans¬ 
formers %nder special conditions. In common with 
Mr. Aldridge I should be glad of some further information 
with regard to the noise-analysing set mentioned on 
page 666. The figure of 16 m.s.c. referred to as the 
loss due to maximum normal noise appears to me to 
be extraordinarily large, and is considerably in excess 
of the normal maximum loss due to interferences in 
this country. In general, we are in favour of the new 
unit mentioned in Appendix 2. There axe, however, 
certain costs involved in its adoption in the way of 
altering standard cable sets and other apparatus and 
also in records, and before incurring these we should 
like to see other countries in agreement. 

Mr, G, D. Edwards : I have just returned from a 
very active personal contact with the installation and 
placing in service of a long trunk cable system, in which 
I have seen many of the methods and even of the 
instrument described in this paper applied with dis¬ 
tinctly satisfactory results. In fact, as I look back 
upon the course of the work, it is difficult to see how it 
could have been completed satisfactorily witiiout many 
of them. The cable system which I have mentioned is 
that between Stockholm and Gothenburg in Sweden 
and is roughly 330 miles in length. It is loaded, of 
course, and repeaters and testing facilities are installed 
at its termini and at six intermediate stations; Its 
longer circuits, such as those connecting Stockholm and 
Gothenburg, contain as many as four repeaters operating 
in tandem. The system was taken into operation 
completely in September of last year. In the installation 
of the cable and loading for this system, a number of 
the instruments and methods described , by the authors 
have been found of exceedingly great vilue; In this 
comection I have in mind more particularly the singing- 
point tests for the detection of irregularities, and the 
knpedance/frequency measurements for their location. 
Some such instruments as the authors have described 
are a nwsessity in the installation of repeater equip¬ 
ment, where the gain/firequency and impedance/frequency 
characteristics of the amplifying and associated equip¬ 
ment must be thoroughly check-tested before any 
repeater station can be considered ready for service. 
A mere attempt to place in operation such a cable system 
as that between Stockholm and Gothenburg, stretching 
only over a distance of littie more than 300 miles and i 

never involving the operation of more than fotirxBpeateis i 


in tandem, will provide anyone with convincing proof 
of all that the authors have said with regard to unity 
of control. I believe that the experience with this 
Swedish cable may be said to have proved the efficacy 
of unified engineering and operating in connection with 
long repeatered cable systems, and of the general 
direction of maintenance activities by a central authority. 
This does not mean that all maintenance activities 
must be carried on by that central authority, but it 
does mean that there should be a single source of general 
maintenance policies and plans. The Swedish telephone 
administration was very quick to realize the importance 
of these factors, and has made the small changes in its 
organization and operating methods necessary to bring 
about this essential unity of control. I believe that I 
can say unreservedly that the results have been, most 
gratifying. Many of the methods and instruments 
described in the paper are now in regular use on the 
Stockholm-Gothenburg system in connection with its 
transmission maintenance. It'may be said that their 
value for this purpose also has been proved, at least so 
far as this system is concerned. What I have said so. 
far applies only to the application of these principles 
in a single instance, but the case in question involves 
what I believe to be the longest loaded repeatered cable 
system now in operation in Europe. I believe tliat 
further and longer experience with such systems will 
only serve to increase the conviction that these principles 
are most important and that the methods and instruments 
described are very valuable tools in connection with 
the installation and maintenance of the long-lines 
telephone plan. I have had occasion in America to 
come into contact with the application of these newer 
methods of transmission maintenance to exchange area 
systems, and I am sure that their application to this 
portion of the telephone plant will prove of correspond- 
ingly great value. 

Mr. E. S. Ritter : One spealcer has already mentioned 
15 miles of standard cable lost due to noise. I 
should perhaps put it in anotlier way. The effect of a 
certain noise on a very short line will not be the same 
as the effect of the same noise on a very much longer 
line. Perhaps the authors will say if this accounts 
for the very high value taken. They state that with the 
transmission measuring set an accuracy of 0-1 mile 
ofjstandard cable is obtained. I do not doubt that this 
is so in the general case where one has a uniform line 
to deal with, but I should, like to know whetlier this 
accuracy is obtainable under the following conditions. 
At one end of a line there is a loaded underground cable 
with a medium impedance continued by an open line, 
and at the distant end of the open line a short section 
of non-loaded un*ierground cable. The impedance at 
the two ends of the line will be difierent. I am rather 
curious to know whether the results giveii by testing 
would be the same from A to B as from B to A. Fig. 17 
shows what the authors call a 1-B " line impedance 
bridge in which a resistance is used in conjunction with 
an inductometer. In this country we prefer to use a 
bridge iifwliich the measuring arm consists of a variable 
resistance shunted by a condenser. This will measure 
the line where tliere is a capacity angle, and when there 
is an inductance angle the condenser is joined in parallel 
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with the line. The results are very conveniently 
obtained in terms of conductance instead of impedance. 
The noise-measuring set shown in Fig. 7, as I understand 
it, enables the amount of what may be called the 
" inducing effect of the noise present in the line to be 
compared with the noise received across the line; that 
is to say, the^induced noise effect on the two wires in 
parallel to earth is compared with the actual noise 
he^d when the felephone is joined across the line. This 
is a measurement of the state of balance of the line. 
In connection with heat coils, the authors say that a 
poor contact may add 1 ohm^ or more, to the resistance. 
I have known a case in which the resistance has amounted 
to nearly 200 ohms in a bad contact at the heat coils. 
In another case a dry joint, the resistance of which was 
20 ohms measured with direct current on the Wheat¬ 
stone bridge, gave a loss of the equivalent of about 
7 m.sx. when measured with speech. In connection 
with the maintenance of underground cables, whereas 
a comparatively short cable such as is used for direct 
service between two exchanges is relatively unimportant, 
and the loss in efiiciency would not be of much importance, 
yet on all cables short or long, or apparatus forming the 
links in a long-distance circuit, any loss in e£&ciency is. 
a very serious matter. This country has developed, to 
a very high degree of precision, methods of testing for 
insulation and for further localizing any small drop in 
insulation. For example, it is now possible in, say, a 
100-mile underground cable to localize a fault of the 
order of 300 megohms to within ± 2 miles. This can 
only be done if the cable is in good condition. Main 
cables now have an insulation of the order of from 
10 000 to 20 000 megohms per mile. Any drop in 
insulation below this figure is generally due to some 
defect in the sheath of the cable, which it is possible to 
localize. Another most common type of fault may be 
described as the dry or badly soldered joint. This is 
comparatively difficult to localize, although it causes 
loud overhearing between a loop and its. phantom 
cifcuit, but this has now been very successfully done by 
some new methods. Not only is a dry joint difficult to 
localize, but it is liable to disappear and come on again 
at some inconvenient time. 

Mr. €• Robinson: Under the heading of Unity of 
Control,** the authors describe a test which occupies, 
according to the time stated, at least 25 minutes, ^t 
might be possible to deal with two or three circuits at 
once, but even then it would not be possible to carry 
out these tests at large stations where there may be 
200 lines concerned, I suggest that it would be more 
practicable to make ah overall test first from the control 
station ; alter which, if the line is not tip to standard 
form, a detailed test should be mader^by the different 
repeater stations in the circuit. The routine tests made 
at each repealer station should ensure that the repeaters 
and balances are being maintained in proper order. 
With reference to the impedance/frequency characteristic 
of lines, the Post Office are working on the development 
of an oscillator on the heterodyne principle, the frequency 
of which can be changed continuously over the Audible 
range. The oscillator also gives constant voltage over 
^the audible range. It is proposed to apply this method 
to the. rapid determination of the impedance/frequeacy 


characteristics of lines. An oscillator of this type was 
demonstrated at the last meeting of this Institution. 
The repeater gain-measuring set and the transmission 
measuring set described are similar in principle, if 
not in detail, to those diuveloj)ed ^y the Post Office. 
The form of instrument at present being developed 
by the Post Office combines tlxe transmission measure¬ 
ment set with the repeater gain-measurement set. On 
page 677 the bridge used for measuring line impedances 
is referred to. We have experienced considerable 
trouble in obtaining accurate results when employing 
bridges which are dependent upon the use of inductances. 
The trouble is usually ascribed to the capacity of the 
windings of the inductances. Mr. Ritter has referred to 
the form of the bridge used for this purpose in the Post 
Office. It has one or two other advantages besides 
those which he mentioned, the chief being that the 
line balances can be calculated direct from the feadings, 
without any intermediate calculation of tlie impedances. 

Mr. J. S. Elston {communicaiod ): The metliods 
adopted to maintain telephone transmission in the 
various countries no doubt appeal to each administration 
as best suited to its needs. Mr. Pollock has explained 
that, in this country, telephone engineers place much 
confidence in the systematic testing of covered work 
with a view to the discovery of i>otential troxible at 
a very early stage, and in periodical routine testing^ 
combined with the patrol of routes, for open work. In 
view of the precautions taken to ensure the goixi nuiiu- 
tenance condition of the loiig-di.stance loops, it is some¬ 
what difficult to accept the .suggestion of the authors that 
the London-Glasgow telephone trunk circuits—ap|ira.\:i- 
mately 425 miles of 800-lb. loops-—could bo <l(?gr;uled 
to the transmission equivalent of 300-lb. loops with¬ 
out a previous indication of trouble, Ncverthehiss, no 
telephone engineer, particularly if ininicdiatoly concerned 
with the transmission qualities of telephone^ plant, 
would deny the need of testing instrmneuts which *vvili 
enable a direct comparison to be made, cJisily and 
accurately, between theoretical transmission values anil 
the transmission obtained in practice. It is a re<|iiiro- 
ment which has occupied the attention of Post Office 
research engineers for some considerable time, and earlier 
contributors to this discussion have indicateil the 
general lines of development. Mr. .Gill wtentiontfil 
circuit plans, and it is assumed that these are, in clfccit, 
transmission lay-outs. It is curious that the practical 
aspect of transmission theory is so seldom referred to 
and receives such scant attention in technical papers. 
Given a standard transmission, it is the method of 
circulating and controlling traffic which deterntinoH 
circuit or transmission lay-out; and transmisHioii lay-out, 
in turn, determines the plant lay-out. In a going# 
concern the plant will consist of all types of construction, 
some obsolescent and some up-to-date. The i^xiernul 
plant may be open or covered, and, if covered, unloaded 
or loaded. Single circuits may consist of one or otlier 
of the t 3 rpes, or a combination of types of construction. 
In switching operations the combinations are many atid 
varied, and^ the individual circuits are generally short 
lines electdcaliy. The transmission calculations ate 
very difficult, and figures, such as the authors quote 
constituting good practice', can be criticized only •when 
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the'’critic has a full knowledge of the traffic range and 
the combinations of line circuits and apparatus which 
will be linked together. Notwithstanding the fact that 
theory indicates the combinations which should be 
formed to obtain the best transmission, many problems 
in economic plant lay-out await solution. It is not 
always possible to match impedances so as to incur 
inappreciable losses, and transition losses may then 
become important in adjusting transmission to traffic 
circulation. This is particularly so in this country 
where direct-current signalling is largely used; terminal 
transformers, at present, cannot be inserted in the 
circuits to bring them to a common impedance. 1 think 
the authors could have made a claim that testing 
instruments of the character described have con¬ 
siderable possibilities in bridging the gap between 
transmission theory and the values obtained in practice. 
A testhig instrument which would give reliable trans¬ 
mission tests under practical conditions between two 
subscribers linked together by various combinations 
of line circuits and apparatus would enable engineers 
responsible for external telephone plant lay-out to plan 
with greater certainty and more confidence. 

Mr. A. B. Hart (communicated) : The authors have 
stated the case for greater precision in transmission 
measurements in telephone systems very clearly and 
completely, but in regard to methods and means there 
are some points in which further elucidation is desirable. 
The determination of the transmission efficiency of any 
telephone apparatus or network involves the measurement 
of small alternating currents, and it is important in 
studying a paper of this kind to have a very clear idea 
of the magnitude of the currents to be dealt with. It 
. may therefore be useful to state that, for example, in an 
average repeater section 50 miles long in a modem 
long-distance cable, the magnitude of the currents 
transnStted is of the order of 1 to 2 mA at the sending 
end of the section and ^ to f mA at the receiving end. 
The mean frequency of these currents is generally taken 
as 800 cycles per second. It will be obvious to all 
engineers acquainted with methods of measuring small 
alternating currents that the design of commercial 
instruments to deal with currents of the order of those 
just quoted with an accuracy anywhere approaching 
that mentioned by the authors in their description of 
a transmis.sion measuring set, presents some difficulties. 
A calibration to 0-1 standard mile is mentioned; in 
other words the detection and measurement of differ¬ 
ences of the order of 1 per cent in a current of 0*2 mA. 
There is no doubt that such accuracy and precision can 
be obtained, but it is very important to appreciate the 
possible sources of error that may arise in translating 
Tthese readings into terms of transmission efficiency 
involving the expression of a ratio between sent and 
receive^ currents. Mr. Ritter has indicated difficulties 
that may occur in dealing with composite lines. These 
probably present the most severe conditions, but even 
in a cable network of nominally uniform characteristic 
impedance it will be found in practice that circuits 
differ in capacity to an extent sufficient to cause impe¬ 
dance/frequency irregularities which make it difficult 
to predetermine the actual line impedance at a given 
frequency. Consequently, single-frequency measure¬ 


ments cannot be relied upon to represent, with sufficient 
accuracy, the actual commercial speech-transmission 
efficiency of any given circuit, and a method of measure¬ 
ment involving a range of frequencies is to be preferred 
in practice. In describing Noise Conditions ** the 
authors state that^ine noise is generally due to inductive 
interference from external power circuits. So far as 
the telephone line network of this country is concerned, 
this statement is not quite accurate.* It is true that 
serious interference has been caused by power circuits, 
but the principal source of disturbance has been the 
high-speed telegraph S 3 ^tem. Where high-speed tele¬ 
graph circuits are carried upon the same pole lines as 
high-grade telephone lines it is necessary that the latter 
should be maintained at a high degree of balance, 
particularly when long-distance phantom circuits are 
operated. The disturbance created by a high-speed 
telegraph in an unbalanced telephone circuit is of such 
a nature that the question of measuring and analysing 
the noise never arises. The noise must be eliminated 
entirely and the problem resolves itself into locating 
the cause of unbalance in the telephone circuit. Long¬ 
distance aerial circuits with conductors weighing 1 200 
and 1 600 lb. per loop-mile are, by the mere fact of their 
high efficiency, subject to disturbance by slight faults 
that would hardly affect a short-distance light-gauge 
circuit. Such faults as badly soldered joints, loose or 
corroded fuse fittings, cracked insulators, cobweb 
accumu!|ations, intermittent tree contacts and last, but 
not least, imperfect regulation in the pole-to-pole spans 
will set up noise conditions that may prove very trouble¬ 
some to diagnose and locate. Even the most thorough 
system of inspection must be supplemented by precision 
apparatus for fault localization. Most of this apparatus 
is of course of the direct-current type and is perhaps 
outside the scope of this paper, but in recent practice 
the use of alternating-current apparatus for fault 
localization has increased and it is to be regretted that 
the authors have not been able to include some descrip¬ 
tion of such apparatus in their otherwise comprehensive 
paper. 

Captain J. G. Hines (communicated) : There is no 
doubt that steps should be taken to ensure that results 
which should follow the introduction of well-designed 
switching apparatus and scientifically planned lay¬ 
out of external plant are obtained. The work of the 
engineer is a combination of that of the scientist and the 
economist, as he desires not only to secure better results 
than have previously been obtained but also to do so 
in tlie most economical manner. Telephone apparatus 
is exceedingly complicated and much ingenuity is 
expended in devising appliances which will effect many 
combinations of connections without appreciably degrad¬ 
ing the transmission efficiency at any stage. Exhaustive 
investigations are also , made to determine* the combina¬ 
tions of switching centres and cable systems which will 
ensure that each subscriber in a telephone administra¬ 
tion shall be able to carry on a satisfactory conversation 
with any other subscriber with the least expenditure 
on plaffit. The calculations used in the determination 
of the lay-out of an area are based upon tire normal 
transmission efficiencies of the cables and apparatus to* 
be used. If those efficiencies are not obtained or are 
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not maintained^ then much of the careful work ihat has 
been done is rendered abortive. It is essential, there¬ 
fore, that checks shall be made to secure that ^e calcu¬ 
lated efiSciency has been achieved, or, if this is not the 
case, to ascertain the cause and location of the f^lure. 
The extent to which the checks shduld be applied to 
local lines is, however, a matter that recpiires very 
careful consideration, and the authors give no indication 
of their views upon the matter. There cah be no doubt 
that in the case of long and very costly trunk cables 
the tests should be practically continuous and, as Mr. 
Pollock has indicated, this is the standard Post Office 
practice. Moreover, the tests instituted by the Post 
Office indicate not only the presence of an incipient 
fault before it has developed sufficiently to interfere 
with speech, but also the precise location of the trouble. 
In the case of local lines, however, there is not the same 
justification for the employment of st^ and apparatus 
involving considerable expenditure. The lay-out of a 
telephone area provides for satisfactory speech when a 
subscriber is talking under, the most severe conditions, 
that is, via the local and trunk exchanges to a subscriber 
in a remote part of the country. Although the local 
line and apparatus are designed to meet these conditions, 
it is only in a very small percentage of cases that the 
most severe conditions are experienced. Consequently 
there is nearly always a margin of loss that can be 
permitted without causing inconvenience to the sub¬ 
scriber. For example, the lay-out in London provides 
that speech between any two subscribers in the London 
telephone area shall not be worse than that oyer 18*3 
• m il e s of standard cable on a 300-ohm local line loop 
basis. Speech is commercially possible, however, over 
36 miles of standard cable on the same conditions. A 
considerable loss may therefore take place without 
being noticed by a subscriber when speaking on local 
connections. Of course it is not contended that steps 
should not be taken to discover and remedy any loss, 
as the effect would be felt as soon as the subscriber makes 
a on a long trunk line. The extent to which trans¬ 
mission testing should be carried out on local lines is, 
however, largely a question of economics. If the 
present methods of maintaining the high standard of 
trunk lines were applied to local lines the result would 
be reflected in the rates charged to subscribers for the 
use of the lines. It might be contended that a greater^ 
satisfaction with the service would result, but this 
would not necessarily follow, as subscribers do not 
require a volume or clearness of articulation beyond 
that which is necessary to enable them to hear distinctly. 
Complaints about poor transmission on loc^ lines are 
comparatively rare. This is no doubt due to the great 
advances that have been made in recefit years in the 
methods of planning telephone cable systems. It is‘ 
possible, however, that there may be more complaints 
in the future, due to the rapid growth of wireless broad¬ 
casting. It is noticed that there is a tendency for 
subscribers to become more critical about the quality 
of the received speech. Only a few years ago it^as a 
matter for wonder that speech should be possible over 
wires, and subscribers were satisfied if they could hear 
at all. Now they are not satisfied if the speech is less 
clear than that received on a wireless installation, with 
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its remarkable freedom from distortion. This may 
render it necessary to obtain a higher standard than 
has been necessary in the past. Although systematic 
transmission maintenance testing has not hitherto been 
carried out on subscribed* lines, *steps are taken to 
ensure that all installations are satisfactory before being 
put into use. The calculated value is supplied by the 
designing officer to the officer responsible for the final 
test, and his testing apparatus includes standard cable 
to enable a check to be made. This apparatus is also 
used to investigate complaints of poor transmission 
which may be made subsequently. If nothing can be 
found locally to account for the trouble, a chain of 
connections is set up to a central testing point and the 
loss is then measured. It is not infrequently found that 
the loss is in the exchange connections, due to one of 
the causes indicated by the authors in Table 1. pother 
cause is the use of a multiple jack, the interior surface 
of which has become dirty through infrequent use. A 
loss of 4 miles of standard cable has been traced to a 
fault of this character. It would be a serious item, 
however, to make regular and frequent transmission 
tests through all multiple jacks as well as through all 
cord circuits. I have no doubt that the paper will 
have the effect of directing attention to the impor¬ 
tance of systematic testing, and the ingenious methods 
described will result in further measures being taken 
to secure the continuance of maximum efficiency at 
the least possible expense for testing. 

Messrs. P. E. Erikson and R. A. Mack (in reply ): 

If we understand Mr. Pollock correctly, he contrasts 
the relative advantages and disadvantages of two general 
principles of transmission maintenance, the first in 
which the overall efficiency of the circuit is checked 
by the periodical inspection and maintenance of each 
constituent part, and the second in which the Qverall 
transmission efficiency is measured. directly and in a 
regular routine manner without separate tests upon the 
constituent parts. There can be no doubt that neither 
of these systems is sound in itself. The system with 
which we have dealt emphasizes the necessity of making 
direct measurements of transmission efficiency upon 
the circuits. Apart firom whatever other tests may be 
considered necessary, it is only by the observation 
of overall transmission efficiency that the satisfactory 
condition of a circuit can be ensured.. Any tests upon 
individual parts, while they may serve a useful purpose, 
can never properly establish the correctness of the con¬ 
nection between these various parts. In the event of 
overall transmission tests indicating a faulty connection 
it is, of course, frequently necessary to make individual 
tests upon the constituent parts, and it is definitely 
recommended in the paper that regular routine tests 
be made upon certain portions of the plant, e.g. tests 
upon the cable conductors for insulation and con- 

tinuity. , . 

Regarding the cost of carrying out regular ixans- 
mission tests, it is regretted that no, data are available 
which could be applied to the telephone system in this 
country. On the general question of economy, how¬ 
ever, this, as indicated by other speakers, would be^ 
taken care of by arranging that the tests are carried out’ 
only when and where it is economical to do s.o. It has 
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1)6611 our ondeavour to sliow tliut tlic advautagcs to 
be gained by the making of regular routine transmission 
mejisurements are much greater than have hitherto been 
realized by telephone engineers. The last sentence of 
Appendix 2 was intended'to convey the argument 
that a transmission unit sufficiently small to enable the 
expression of transmission losses or gains occurring in 
practice with the use of but one place of decimals was 
preferable to a larger unit, in terms of which a loss or 
gain might have to be expressed in two or more places 
of decimals. 

"With reference to Mr. Stubbs’s objection to the term 
" frequency spectrum,” we would point out that this 
is a term which has come into prominent use in con¬ 
nection with telephony, telegraphy and radio-telephony. 

‘ It is reaUzed that it is not a term which, in its present 
application, has yet been officially recognized by any 
standardizing committee. However, beanng in mmd 
that the frequencies involved in low-speed telegraph 3 ^. 
telephony, carrier systems and radio-telephony and 
telegraphy, each cover limited, though contiguous, 
portions of the whole frequency range, the application 
of this term seems particularly apt and we know of 

no other which conveys the general idea so wcU. 

Mr. Aldridge, as well as other members, has questioned 
the example given on page 666, to illustrate the important 
part played by noise in determining the transmission 
efficiency of an average commercial connection. In 
spite of the opinions expressed by several speakers the 
facts as stated are correct, but to prevent n^imd^- 
standing it should perhaps be pointy out that Iffie 
average noise assumed in this example includes^ noise 
or disturbance upon the circuit due to causes otheu than 
room noise. There is no reason to believe, so tax as 
our experience as telephone users is conc^ed, that 
the average line noise for an average coimectaon on the 
system from which the example is taken is substotmUy 
different from that occurring in this county. This 
striking example was given to bring home to telephone 
engineers tlie very important part which noise un¬ 
doubtedly plays in determining the mtelligibihty or 
transmission efficiency occurring in a toge 
system. The disadvantages of a vibrating type of 
S standard, referred to by Mr. Aldridge, am q^e 
real. These disadvantages have, up to tte presen^ 

been met by arranging for a ^ d 

generating elements against a standard element, jmd 
fn care being taken in service to ensure that the noise 
clement is cLfully treated and 

when in actual use. A considerable amount of work 
hi been carried out in connection with the deyelopnwnt 
ofa moresuitable unit. At the moment this work is 
incomplete but it U hoped thnt 

be available in the near future, ^ 

necessary tliat the noise-generatmg umt be su^^d 
portable^ and this fact appreciably ^ts 
fn desigti. We are not sure whether the noise generator 
refSTto by Mr. Aldridge is of such ffimensions as 
wniild enable its convenient use m field tests. 

The use of the flicker effect for judging balances 
betieen sounds having widely diffOTcnt fi^u^^ 
‘muis is not new; in fact it was used in investigation 
^ MacKenzie. the results of which were pub- 


in die Physical Review, October 1922.* Smce 
this time, however, further stadies have convinced us 
that the flicker effect is not satisfactory, and the method 
has consequently been discarded. Th^ere can be no 
doubt diat it greatly facilitates obtaining an apparent 
balance, but ther5 is considerable doubt as to whether 
such a balance has much meaning on account of th 
introduction of overtones, which the interrupting of 
the sound would cause. It is necessa^ to use frequencies 
of at least 26 or 30 per second to Increase the facility 
with which a balance should be made. These overtones 
may give a considerable change in apparent loudness 
and thus cause a false balance. In using this method 
for balancing two sounds, in which the frequency dis¬ 
tribution is entirely at random, this effect would be a 
but in such cases there is Uttle need for usmg 
ihe flickm: method. In balancing out single frequencies, 
the of overtones would probably have the 

greatest effect and lead to the greatest errors in tae 
results'. It is in this condition that the method has its 
greatest apparent usefulness. We believe that fm th^ 
reasons this method is not to be recommended. Mr. 
Aldridge is correct in assuming that in the method de¬ 
scribed in the paper a direct comparison is made betwe«i 
the disturbance and the standard noise without any 
speech test at ah. The judgment of balance however 
is made upon the basis that the Iwo sounds have equal 
interfering effect upon conversation. ^ 

Captain Cohen asked for further information on the 
noise-analysing set iUustrated on page 666. Tins set 
consists essentiaUy of a resonant circuit contaimng m 
series a receiver, a fixed inductance and a variable 
fcondmiser. By suitably choosing the value of the con¬ 
denser the circuit can be caused to resonate at any fr^ 
quency between 160 and 2 600 periods p^ s^nd. 
men in use the resonant circuit is connyited to the 
circuit under test and the condenser is van^ 
ously from its maximum to its minimum value. When 
the condenser reaches such a value that the circmt r^^ 
nates at the frequency of a harmonic present in the 
wave that is being analysed, a maximum tone is he^d 
in the receive:; when this occurs, the setting of tae 
condenser is noted and by reference 
chart the corresponding frequency may be determned. 
In this way all the prominmit harmomcs present m a 
“mplex wLe may be picked out and their trequ^T 
determined. The resonant circuit can be connected, 
by means of suitable keys, cither between **^® 
terminals or between the two test termmals m p^el 
and earth. The first position allows the noise 
the two wires of a circuit to be analysed, wMe tae 
second allows the noise to earih to be ^ 

terminals marfed " 110 volts” are co^ected to the 
two marked “Test" through r^stances of 

1 600 ohms. These terminals are used when it is required 
to analyse a Hghting circuit having a yolt^e not 
ing 110 volts, the resistances reducmg the cwent in 

S t» a valaa. A ™aMe ,h«at 

is connected across the receiver to reduce the noise to 
a coSenient amount. Captain 

the noise example has already been covered m the reply 


. D. MAcK.Nzn.: 

J of Loudness/* Fhysieal JRev^t 19^ vol. 20, p. 381, 
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to Mr. Aldridge. With regard to Mr. Ritter^s question 
concerning the accuracy obtainable with the 3—A trans¬ 
mission measuring set, when a composite line is being 
ineasured, we • Mii'nlg that there is some confusion. As we 
understand it the question has to do with the efficiency 
of the line composed of several sections of different 
construction. IJe asked whether the efficiency of such | 
a line measured jn one direction will be the same, within 
an accuracy of 0* 1 mile, as that measured in the oppo¬ 
site direction. If such a line is measured between equal 
impedances, the result obtained in both directions ^1 
be the same within the precision of the measuring equip¬ 
ment. If, however, the value used for the sending impe¬ 
dance is different from that for the receiving impedance, 
ihe two results will differ because of the different transi- 
tion losses occurring at the terminals in the two cases, 
since the impedances of the line are also different at the 
two ends. Either one of these two different results will, 
however, be obtained within an accuracy of 0*1 mile 
with this tj^e of set, but these values do not necessarily 
give a correct idea of the efficiency of the line under 
normal use. It seems to us that Mr. Ritter has confused 
the question of the accuracy of the measurement per se 
with the question as to whether the result obtained is a true 
measure of the line efficiency under other conditions. 


Mr. Robinson expressed a preference for an impedance 
bridge involving capacity elements rather than induc¬ 
tances. Our experience indicates that for the measure¬ 
ment of the small values of react^ce which occur in 
line-impedance measurement it is more practicable to 
provide a simple bridge circuit involving inductance 
than a less simple bridge using capacity. As regards 
trouble due to the self-capacity of inductance coils, it 
is easily possible nowadays to design inductances in 
which these effects are sufficiently small to have a 
negligible effect upon the accuracy of line-impedance 
measurements. 

Mr. Hines raises the question of appl 3 dng checks to 
the transmission efficiency of local lines. The reason 
thift question received small mention in the paper was 
that up to the present it has not been found possible 
to devise a testing sjrstem which meets the requirements 
for the measurement of local loop losses commercially 
and in a practical manner. It is perhaps worthy of 
mention that work upon this question has been pro¬ 
ceeding for some time past and there are hopes that a 
means will be available in the future which will permit 
the easy observation of instrument and loop losses at a 
sufficiently low cost to warrant introduction for routine 
testing purposes. 
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l^ROCEEDINGS OF THE INSTITUTION. 

716th ordinary MEETING, 10 APRIL", 1924. 
(Held in the Institution Lecture Theatre.) 


Dr. A. Russell, President, took the chair at 6 p.m. 
The minutes of tlie Ordinary Meeting of the 27th 
March, 1924, were taken as read and were confirmed 
and signed. 

The President announced that the Soci^t6 Frangaise 
des Electriciens had founded a Mascart Medal in memory 
of that eminent French scientist, the Medal to be awarded 
triennially to scientists or engineers of any nationality 
distingfiished for their work in pure and apphed elec¬ 
tricity, and that the first (1924) award had been made 
to Monsieur A. Blondel, an Honorary Member of the 
Institution. 

Messrs. H. Brazil and F. P. Sexton were appointed 
scrutineers of the ballot for the election and transfer 
of members and, at the end of the meeting, the result 
of the ballot was declared as follows :— 

Elections. 

Members. 

Eckersley, Peter Pendleton. Mulligan, Patrick. 
Pedersen, Peder Oluf. 

Associate Members. 

Bean, Leslie Percival R. Roberts, Albert Henry. 
Critchley, Vernon Fairbank. Simons, Donald MacLaren. 
Velander, Sten. 

Gradmies. 

Campbell, John James B., Hothersall, William. 

B.Sc. » Needes, Edgar Charles. 

Cantelo, Herbert Reginald, Rawlings, William John. 

B.Sc. Richard, Seward Thomas. 

Dickinson, James, M.A., Samuel, Robert Philip. 

B.Eng. Sheppard, George. 

Fuge, William Valentine Whiteley, Arthur Welles- 
G., Capt., R.C.S. ley. 

Haldane, Thomas Graeme Williams, Edgar John, 
N., B.A. B.Sc. 

Students. 

Aldridge, Thomas Jack. Donnellan, Cuthbert. 
Baker, Eric William. ’ Dunn, Arthur Charles L. 
Bennett, Arthur Edward C. Fitzpayne, Eric Richard L. 
Bond, Richard, Jun. Foale, Cecil W'illiam. 

Boti)l^ Edward Kelvin. Foulkes, Heber Rees. 

Brockbank, John Bowman. Gibb, Charles John. 

Calam, Richard HeUyer. Giddings, William Frank, 

Cartman, Clarence Noel J. Gifldns, Reginald Tom. 
Comins, Richard Innes. Gilbert, Geofirey Egerton. 
Cornwell, John Christopher, Greasley, Ronald Andrews. 
Croft, Clifford Page. Grenfell, Alexis Rene. 

^ Crowson, George Albert. Hollis, George Richard. 
Dobelli, Alfred CUve. Holloway, Keith Henry. 

Donald, Norman J., B.Sc. Irvine, Harold Bartle, 


Students —continued. 

Kelly, Walter John. Pollard, Zechariah. 

Kingston, John Marshall. Rogers, William Henry. 
lindsay-White, Francis Seymour, Norman. 

George M. Shefford, James Herbert. 

Lloyd, Reginald Albert. Steele, John. 

MacGregor, Roderick Mar- Sumner, Herbert Laurence. 

cus. Turner, Arthur Stephen. 

Miles, Pliilip Pierpoint. Turner, Ernest Alfred. 
Miles, Thomas Snelgrove. Tyson, William. 

Miller, Thomas Taverner. Urwin, Cecil Roland. 

Moody, Denis. Ward, Frank Stanley. 

Moss, Charles Geofeey. Watt, David. 

Myers, Frederick Hojrace E. White, Henry Lachlan. 
O'Meara, Alfred. Whiteside, Harold, B.Sc. 

Parkins, James Walter. (Eng.). 

Pearce, Cecil. Wilkinson, Thomas Ed- 

Pinkerton, George Stuart ward. 

M, Willis, Walter Stanley. 

Transfers. 

Associate Member to Member. 

Ballard, Leslie Walter. James, David. 

Hamlin, Ernest John. Monkhouse, Allan. 
Hetherington, Edward Turner, Henry Cobden. 
Friend. 

Graduate to Associate Member. 

Herd, James Fleming. 

Student to Associate Member. 

Abemethy, John William Hitch, Arthur Tyler* 
„ A. Lieut.-Col., D.S.O., B.Sc. 

Hill, Norman Bartlett. (Eng.). 

Johnson, J^es Ralph, M.(Eng.). 

Student to Graduate. 

Ashley, William Herbert. Jones, Harold Lancaster. 
Bartlett, Sydney John. Padmanabhan, Catancola- 
Bushell, John David. tur. 

Chawner, John Clement. Price, Joseph Edelsten. 
West, Frank Edward. 

A paper by Mr. S. C. Bartholomew, Member, entitled 
" Po'sj^er Circuit Interference with Telegraphs and 
Telephones," was read and discussed. 

On ’the motion of the President a vote of thanks to 
the author was carried with acclamation, and the meeting 
terminated at 7.60 p.m. 
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THERMIONIC VALVES WITH DULL-EMITTING FILAMENTS. 

By the Research Staff of the General Electric Co., Ltd. 

(Work conducted by M. Thompson and A. C. Bartlett.) 

(Paper first ’received 30tk November. 1923, 


Summary. 

An account is given of the history of the duU-emitting 
thoriated tungsten filament and of the development of 
thermionic valves containing these filaments. Intrinsic 
properties are described and discussed. 


(1) Introduction, 

Now that the thermionic valve has become a 
standardized engineering productTt is of great importance 
i,n this progressive industry that the operating efficiency 
of the product should be increased to the greatest 
possible extent. Broadly spealdng, there axe two 
methods by which the efficiency of the valve can be, 
and is being, improved. 

One method consists in so balancing the operating 
characteristics of the valve against the electrical constants 
of the circuit of which it forms part, that the maximum 
output is obtained from the valve with the minimum 
dissipation of power in the anode of the valve itself. 

The second method, with one form of which it is 
proposed'to deal briefly in this paper, consists in reducing 
the power consumed in heating the cathode to the 
temperature at which the necessary electrons are 
liberated from it. The discussion of this method is 
best introduced by a brief statement of the theory of 
thermionic emission. 

(2) Electron Emission (General). 

The mathematical laws connecting the emission 
of electrons from substances with their temperature, 
were determined very completely by the pioneer work 
of Richardson,* who gave two general equations, both 
of which agreed with experiment equally well. 


saturated emission current in amperes per unit 
area of emitting surface, and 
T = absolute temperature of surface, 

,...•(!) 

i = (2) 

where A, 0, 6, d, are constants characteristic of the 
emitting substance. 

More recently, DuShman f bas put forward on 
theoretical grounds an equation involving only one 
constant, characteristic of the emitting substance 


If i 


then 


or 


: 60 * 2 {r 2 e--&o/ 2 ' 


(3) 


n 

Whichever of these three equations is considered, 
it is obvious that at any constant temperature the 

• ♦ O W. Richardson : “ Emission of Electricity from Hot Bodies.** 
t Physical Review, 10S2, vol. 20, p, 109, 


magnitude of the saturated emission from any substance 
wiE almost entirely depend upon the value of the 
exponential factor b (or d). This constant, 6, is related 
to the quantity the work necessary for an electron 
to escape through the surface of the emitting substance, 
by the simple relation • 

where h ^ the gas constant for a single electron. 

This relation between 6 and ^ is confirmed by Richard¬ 
son's proof that the contact difference of potential 
between two substances is equal to the difference in 
the values of (j> for the substances. 

Now directing our attention to the relation between 
i and <^, and neglecting the comparatively smaU effect 
of changes in the constant A (or 0), we see that log (1/i) 
is approximately proportional to 

In other words, at the same temperature substances 
having a low value of ^ (i.e. electro-positive) wiE eimt 
more electrons than wiE substances having a high 
value of <l>; or, expressing the same statement in 
another way, the temperature at which we can get 
a definite amount of electron emission wiE be lower 
the smaEer the value of ^ or the more electro-positive 
the substance. 

In order, therefore, to obtain most, economicaEy 
the necessary electrons for our valve, why should we 
not take the most electro-positive substance kno^ 
and simply arrange to maintain it at the requisit 
temperature? The problem is not, however, quite 
as simple as that, on account of other factors, mainly 
those depending upon the physical and chemical 
properties of the substance. 

Sodium, for example, wiE give 14 mA of electron 
current per cm^ of surface at about 400® C., but it 
is easier in practice to heat a thin tungsten filament 
to 2 000° C. than it is to maintain a smaE amount of 
sodium at 400“ C. Again, the vapour pressure of 
sodium at 400“ C, is so considerable that we should no 
longer have a hard valve; and lastly, highly electro¬ 
positive substances are generally chemically reactive 
and cannot be maintained unchanged in the presence 
of any appreciable quantity of the residual gases,.which 
axe difficult to remove completely from an etacuated 

Such considerations have so far prevented the use 
of any material but tungsten for the cathodes of large 
transmitting valves where mechanical strength is 
important and 1he removal of the last traces of residual 
eas almost impossible, owing to. the high temperatoe 
attained by the anode. But in the smaller valves 
used for wireless reception and for the amplification 
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of telephone currents, two forms of electro-positive 
cathode have been introduced. The first is the cathode 
covered with oxides of the alkaline earth metals. The 
great emission from these oxides at moderate tempera¬ 
tures was observed -by Wehn-elt * in the early days of 
thermionics. The Wehnelt or ** oxide-coated cathode 
has been developed very skilfully by the Western 
Electric Co. A very complete and authoritative account 
of their work is given by H. D. Arnold in the Physical 
Review (vol. 26, p, 76), and it is therefore unnecessary 
to offer any further account of it here. 

The second form of electro-positive cathode is the 
thorium-coated tungsten cathode, with which alone 
this paper is concerned. It is usually known as the 

dull-emitting filament because it gives the requisite 
emission at a temperature much lower than that of 
the plain tungsten filament. This temperature is 
higher than that at which oxide-coated filaments are 
run, and consequently the term ” dull emitter ” might 
with even greater justice be applied to the latter. 
However, it is not generally so applied. It is unnecessary 
to discuss here the appropriateness of the nomenclature, 
so long as it is realized that by a dull emitter ** is 
here meant, not any valve with a cathode at a relatively 
low temperature, but only that form which employs 
the thorium-coated tungsten filament. 

(3) History of the Thorium-coated Tungsten 
Filament. 

The admixture of a small proportion of thorium 
oxide with tungsten has for very many years been 
common practice amongst electric lamp manufacturers 
when preparing their tungsten fiJlaments, which as a 
result of this admixture are then less brittle than similar 
filaments not containing this or some other " impurity.** 
For example, British Patent 18 467 of 1911 (W. D. 
Coolidge) claims, the use of thoria and other refractory 
oxides mixed with tungsten powder before sintering, etc. 

The first reference to any electrical peculiarity being 
shown by these thoriated tungsten filaments is contained 
in, and forms the subject matter of, two patents taken 
out in 1914 by Langmuir in America, f The first of 
these patents describes a method of heat treatment for 
such filaments, resulting in an extraordinary increase 
in the electron emission from the filament, the treatment 
consisting in heating the filament to a temperature of 
about 2 900° K. for a period of 1 or 2 minutes, followed 
by a few minutes at about 2 250° K; The electron 
emission from the filament was then measured at 
1 380° K.'and found to be equal to that obtained from 
a similar pure tungsten filament at about 2 000° K. 

The changes brought about by this heat treatment 
were considered by Langmuir to be : (a) the evaporation 
of all .gaseous and solid impurities from the filament 
surface ct 2 900° K., followed by (6) the diffusion from 
the interior of the filament of thorium material which 
gradually formed a film covering the surface of the 
filament. The enhanced electron emission was then 
characteristic of this surface fihn of thorium material. 

The emission from this activated or duU-emitting 
filament was, however, found to be quickly destroyed 

* Philoscphtcal Magazine^ 1905,'vol. 10, p. 88, 
t U.S. Patents 1 244 216 and 1 244217. 


in the presence of traces of residual gas, and Langmuir's 
second patent describes a valve containing the dull- 
emitting filament and also a small amount of hydro¬ 
carbon or alkali-metal vapour, introduced in order to- 
fix all those residual electro-negative gases which were 
likely to combine ?vith the thorium on the surface of 

the lament. . , 

Although no valves utilizing these duU-eiiutting 
filaments were being commercially manufactured at 
the end of 1919, the phenomenon could not escape the 
attention either of valve users or of valve manufacturers. 
It was a frequent occurrence during the war for thoriated 
filaments, especially in the hardest valves, to show 
unusually high electron emission, which sometimes sur¬ 
vived several hundred hours of operation.* Also, in the 
actual manufacture of valves, during the electronic 
bombardment of the anode while the valve was con¬ 
nected to the pumping system, occasionally the electron 
emission from the filament would suddenly increase, 
as shown by the overheating, and even melting, of 
the anode. This phenomenon was generally associated 
with the presence of a more volatile metal such as 
copper, contained as an impurity in the nickel electrodes, 
and it was doubtless really due to a temporary develop¬ 
ment of the greatly enhanced thorium emission as a 
result of the action of copper vapour upon the thorium, 
oxide in the filament. ^ 

One of the first problems undertalcen by the Research 
Laboratories of the General Electric Co. was that 
of investigating the electrical behaviour of thoriated 
tungsten filaments, with the object of stabilizing their 
enhanced electron emission so that use could be made 
of them in valves. 

Work was begun on the problem at the end of 1919 
and a promising degree of success with receiving valves 
was fairly quickly achieved. Langmuir's results in 
regard to the effect of residual gases on the enhanced 
emissions were Completely confirmed, and a method 
was evolved for producing regularly and with certainty 
a degree of vacuum considerably higher than that 
obtained in the average hard valve of that time. 
Further, it was found thaty in addition to an extremely 
high degree of vacuum, it was also essential that all 
surfaces which collect electrons during operation of the 
valve should be free from adsorbed layers of gas. It 
was a comparatively easy matter by the classic method 
o£ electron bombardment to free the anode of the valve 
from all traces of gas, but much more difficult to do 
so with the grid. 

The obvious method of heating the grid by passage 
of sufficient current through it was ruled out because 
experience had shown that a spiral grid with no damping 
wire was a cause^of microphonic noises in the receiving 
set. 

It proved possible, however, to cover* the surface 
of the grid with a gas-free deposit or varnish, f after 
which deposition electron current could be passed 
from filament to grid for long periods (the grid potential 
being 60 volts pr more) without liberating harmful gas 
from thfs surface of the grid, despite the fact that the 
grid metal certainly ctontained occluded gases. 
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By June 1920 it was possible to draw up a schedule 
for the production of duU-emitter valves, and about 
this time, in order to test the process, the first fair-sized 
batch (about 60) was made at the works’ of the Marconi- 
Osram Companies by paxtially-skilled girl labour working 
in accordance witb this schedule.* Uniformly good 
valves were the result, and as a matter of interest 
the target diagram is reproduced in Fig. 1, which depicts 
the filament voltSige and current required by these first 
60 valves for the emission of 6 mA of electron current. 
Meanwhile, life tests under operating conditions of 
earlier valves showed steady electron emission for a 
period of 800-1 000 hours, so that by September it was 
possible to market the valve. Actually, the first large 
order was placed in March 1921 after considerable trial 
of sample valves. 

The first type of dull emitter manufactured was then 
known as the “ L.T.l'' and, except for small modifica- 



Fig. 1 .—^Target diagram for first 50 dull emitters produced in 
1920: filament voltage and current required to give 
6 mA of electron emission. 

tions, has been in continuous production ever since, 
although it is now ususdly known as the D.E.R.*' 
valve. The filament of this valve required 0*38 to 
0*40 ampere of heating current at 1»6 to 1*8 vollS, 
the total emission under these conditions being 5 mA. 
Compared with an ordinary tungsten filament of the 
same dimensions this showed a saving of about 76 per 
cent in the power consumed in filament-heating. 

If the anodes of these L.T.l valves were freed from 
gas by the usual method of electroiubombardment, a 
lower limit would be set to the filament diameter and, 
consequently^ to the filament current, since filament 
wastage sufficient to cause the failure of the finest 
filaments always occurs during the process. If some 
other method of anode-heating could be adopted which 
would avoid this difficulty, there would be no lower 
limit other than that set by the mechanical etrength 
necessary for the drawing down of the wire, for handling 
during the assembly of the valve parts, and also for 
the small amount of tension necessary to keep the 


filament straight inside the grid of the finished vaJve. 
It was known that induction heating by radio-frequency 
currents could be used for this purpose, and this was 
tried with success for the Royal Air Force, in collabora¬ 
tion with whose experinjental department the trial 
was made. A valve oscillator was used for the genera¬ 
tion of the high-frequency current. By this method, 
receiving valves were produced in 1920 in which the 
filaments required only 0*07 ampere of heating current 
at 1 • 8 volts, and also other valves having a lower anode 
impedance, in which the filaments consumed 0* 1 ampere 
at 3 volts. Both these types (known as the '' L.T.2 ” 
and L.T.3 ”) were made in small numbers in the 
Marconi-Osram works, but were not thoroughly satis¬ 
factory, chiefly on account of the great difficulty in 
applying the correct amount of tension to the filament. 
The margin of tension between that which would break 
the filament and that necessary to keep the ^lament 
off the grid was exceedingly small. 

For valves in which filament tension is essential, 
about the right diameter of filament was found in the 
duU-emitter V.24 valve (D.E.V.), in which the diameter 
was gradually increased in successive trials until entirely 
satisfactory results both in the factory and in subsequent 
operation were obtained with a lament consuming 
0*2 ampere at 2*7 to 3 volts. 

The possibility of using as a dull emitter the thinnest 
filament of lamp manufacture has recently been demon¬ 
strated by the General Electric. Co. of America, who 
have returned to the subject of the thoriated filament. 
They have met the difficulty of filament tension by 
using no tension at all, and arrange the dimension of 
filament length and grid diameter so that the filament 
on being heated does not expand sufficiently to cause 
it to sag on to the grid. This American valve takes 
0*06 ampere at 3 volts and is truly within the capacity 
of dry cells. A similar type of valve is also nmde by 
several manufacturers in this country. 

(4) Properties of the Dull-emitting Thoriated 
Filament. 

(a) Contact-potential effects ,—carrying out the 
first experiments on thorium emission in a complete 
triode, a valve of a standard tjrpe was used. Thorium' 
emission having been stabilized, there appeared to be 
a considerable reduction in the grTd current at zero 
grid voltage, and on plotting the usual anode and gnd 
current characteristic curves it was clear that both 
curves were shifted bodily to the right, when compared 
with a similar valve containing an ordinary tungsten 
filament. The amount of shift was equivalent to about 
1-6 volts on the grid. By plotting the characteristic 
curves before and after the formation of the thoriunq^ 
surface layer it was possible to demonstrate this parti¬ 
cular effect with the same filament in the sam^ valve 
(Fig. 2). 

In addition to the bodily shift of the curves, the 
anodercuirent/anode-voltage characteristic was also less 
steep with the dull-emitting filament, while in diod^ 
the saturation part of the curve was less flat than it 
is for tungsten emission. Both these effects are 
illustrated in Fig. 3. 'Hiis lack of sharp saturation 
was ascribed by Langmuk. to a kind of grid effect at 
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theF heterogeneous filament surface which is not com¬ 
pletely covered with thorium, the tungsten part of 
the surface acting in the same way as a negatively 
. charged grid. 

The effects desc^bed in ^ the preceding paragraph 
necessitated the re-design of the electrodes, inasmuch 
as a slightly narrower grid of rather closer pitch was 
required to obtain approximately the same characteristic 
at the same operating voltages on grid and anode. 

(^) Stability of thoritim emission ,—This question is 
of course of fundamental importance and, needless 
to say, always receives first consideration when new 
types of dull-emitter valves are being designed. 



Pig, 2.—Anode-current/grid-voltage characteristics for one 
valve, with the same total emission (9*6 mA) from the 
same filament with (1) tungsten emission, and (2) thorium 
emission. 

The three chief factors upon which depends the 
<^5onstancy of the electron emission from a duU-emitting 
filament were found to be : (i) Filament temperature, 
(ii) afio^e voltage, and (iii) the degree of vacuum. 
It is proposed to discuss these three factors in this 
order. 

(i) Langmuir's early patents accurately described 
the effect of changes in filament temperature upon the 
electron emission from the filament. After the pro¬ 
duction of enhanced electron emission by heat treatment 
d,t 2 900® K. for about a minute, followed by 2 250® K, for 
several minutes, the emission was found to be steady 


over very long periods, during which the filament 
remained at, a temperature of 1 700® to 1 800® K. If, 
however, the filament temperature were raised above 
2 260® K., say to 2 600® K., ihe emission rapidly decreased 
until only the characteristic emission of pure tungsten 
remained. # 

By bringing the filament back to 2 260® K., however, 
the enhanced emission was again restored. The explana¬ 
tion of these changes,, as being due t© evaporation of 
thorium from the filament surface at the higher tempera¬ 
tures and diffusion from the interior of more thorium 
at the lower temperature, was easy to understand. It 
is not so easy, however, to visualize what happens during 
the original treatment at 2 900® K. which was found 
necessary in order to produce the emission, unless the 
actual formation of elementary thorium from its oxide 
occurs at this temperature. 

Several thoriated filaments were therefore incandesced 
at 2 900®-3 000® K. for various lengths of time, after 



Fig. 3.—Anode-current/anode^voltage characteristics for two 
similar diodes: (1) tungsten filament and (2) dull-emit- 
ting filament. 


which chemical tests were applied which could distinguish 
between thoriuni.and its oxide. As a result it was found 
that after an hour's treatment at this temperature no 
oxide remained in a filament 0*06 mm‘in diameter, 
but that there was still present an amount of thorium 
of the same order of magnitude as that which would 
be equivalent to the original oxide. 

Very numerous life tests carried out on valves have 
shown ^at, with filament temperatures not exceeding 
about 1 900® K., practically constant electron emission 
is obtained during periods which are very seldom less 
than 1 000 hours and are generally in excess of, that 
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figure. In general, the life of the emission is longer 
the lower the temperature of the filament. 

At the operating temperatures of 1 700®-! 900® K. 
our early results showed that some diffusion of thorium 
to the surface must be occurring, although much more 
slowly th^n at 2 250® K., for if for^any reason, such as 
the presence of excessive residual gas, the electron 
emission decreased during the life test, it would increase 
almost to its ^former value if the filament was kept 
at the same temperature but with zero anode potential, 
so that no space current was flowing. 

Langmuir * has recently attempted to separate the 
two factors (diffusion to the surface and evaporation 
from the surface) which govern the amount of thorium 
in equilibrium at the surface at any particular tempera¬ 
ture. Amongst other results, he finds that thorium 
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gas molecules which are Blw^Lys adsorbed on the surface 
of the bulb, the resulting positive ions then travelling 
to the filament, where they slowly but surely con¬ 
taminated the thorium surface. 

It was considered lliat^n a larger bulb fewer electrons 
would actually hit the glass, and that those which did 
hit would do so with less kinetic energy, since they 
would be, figuratively speaking, travelling uphill. 
The energy of impact would consequently be less likely 
to be sufficient to cause ionization of adsorbed gas 
molecules. 

In the light of these results a safe anode voltage was 
always stipulated for the various types of valves manu¬ 
factured ; for example, 30 volts in the V.24 bulb and 
60 volts in the L.T.l bulb of 26 mm diameter. 

(iii) From the point of view of manufacture the deter- 
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Fig. 4.—^Life test of valves : filament voltage required to give a constant emission of 6 mA. 


atoms* evaporate from underlying thorium atoms at a 
rate very high compared with that of thorium from 
underlying tungsten atoms. 

(ii) In general, and with other factors constant, the 
life of thorium emission in a valve was found to decrease 
with increasing anode voltage. Also the maximum 
anode voltage which would allow of a satisfactory life 
was a function of the size and shape of the enclosing 
bulb, the permissible voltage increasing with increasing 
bulb diameter. For a life of 1 000 hours, or more, 
the V.24 tubular bulb (of 16 mm diameter) was-found 
to give this maximum at about 40 volts, while a tubular 
bulb‘of 26 mm diameter allowed about 80 volts> and 
so on. 

This dependence upon bulb diameter setmed to 
indicate that stray electrons which followed drcuitbus 
paths to the anode were causing ionization of some of the 

,• Physical RevteWf 1923, vol. 22, p. 357. 


mination of the degree of vacuum necessary for a satis¬ 
factory life of thorium emission is probably of more 
importance than any other consideration, for, in addition 
to the cost of an elaborate evacuation process, there 
is also the increased cost due to the proportion of valves 
which may be rejected on account of a degree of vacuum 
lying outside the specified liinit. 

In the early days of the development of dull emitters 
it was apparent from the results of life tests that, 
although thorium emission might be showi^ by the 
filament, in any particular valve this emission was not 
stable under operating conditions for more than 100 
or 200 hours unless the degree of vacuum were very 
high, and, generally speaking, the higher the pres¬ 
sure of residual gases the shorter was the satisfactory 
life. 

In order to obtain stable emission dining a life 
•approximating to 1 000 hours, the pressure of residual 
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gas Had to be not more than about 0*00001 mm (of 
mercury). 

This pressure was therefore aimed at as the maximum 
permissible, for it was of course realized that the future 
of the dull emitter would depend not only upon the 
great economy in filament-heating but also upon the 
satisfactory life which the valve gave under operating 
conditions. 

However* except for occasional epidemics of "low 
vacuum," which were generally traced to their source, 
the proportion of valves rejected on this score was 
at first encouragingly small, and became progressively 
smaller as workers became accustomed to the manu¬ 
facturing schedule. 

It was realized that this upper limit of 0*00001 mm 
pressure of residual gases was somewhat arbitrary, 
inasmuch as account was taken only of quantity and 
o 
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two or three times a. week), and this small percentage 
is subjected to various tests by the laboratories, including 
life test. 

With regard to the life tests on dull emitters, we may 
take the D.E.R. valve as an example. In our routine 
tests the valves are run with a steady a.c. filament 
voltage of 1 • 8 and anode voltage of 60, the grid being 
connected to one filament lead so that the grid potential 
virtually oscillates between zero and 1 • 8 volts positive. 
Except for the alternating voltage on the filament, 
these conditions are then very similar to actual operating 
conditions. The test is run on each particular collection 
of valves for 1 000 hours, measurements of emission, etc., 
being made at the end of 60, 100, 300, 600, and 1 000 
hours. The emission measurement consists in reading 
the filament voltage necessary for obtaining a flow of 
6 mA of electron current to the grid and anode, which 



Fig, 6. —^Life test of D.E.V. valves ; filament voltage required to give a constant emission of 6 mA. 


not of quality of the gases. Experiments were there¬ 
fore contrived with the object of finding oiit what was 
the effect of various pure gases upon thorium emission, 
the results of which experiments were to show that 
water vapour, carbon monoxide, and nitrogen all 
depressed the electron emission from a thoriated filament, 
even below that which is characteristic of tungsten 
itself, but that in the presence of hydrogen, even at 
a pressure as high as 0*01 mm, thorium emission was 
perfectly stable throughout a normal life. 

If anyihing, therefore, we were erring on the safe 
side in^setting a maximum limit of 0 • 00001 mm pressure; 
but as it was not possible to ensure that only hydrogen 
—and no other gas (particularly water vapour)—was 
present in the valve, this maximum limit was not 
altered. 

(iv) Life tesU ^—small percentage of the Marconi- 
Osram works production is collected periodically (actually 

* The methods adopted la the life-testing of valves ^1 be described in a 
ater papen 


are connected in parallel while the potential of 60 volts 
is applied to them. The filament voltage required 
is then plotted against the time during which the life 
test has run. 

Typical curves obtained in this way for the D.E.R. 
valve, are shown in Fig. 4, where the voltage scale is 
purposely made very open. 

Siiuilar curves for the D.E.V. valve, of which the 
filament takes 0*2 ampere at 5 volts, are shown in 
Fig. 6, and othen^ curves for the power-amplifier valve 
(L.S.6) in Fig. 6. 

(v) Vcdve noises ,—^Under this heading arenncluded the 
two effects generally known as [a) crackling, and 
(6) microphonic noise. Both phenomena only become 
important in receiving circuits in which more than two 
stages of audio-frequency amplification are employed. 

By tSie first term is meant the continuous series 
of sharp reports frequently heard in the telephones when 
valves with hot tungsten filaments are employed, and 
by the second term the more or less musical note 
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similarly heard when a blow or tap is delivered to a 
valve occupying a position before the last two. 

The cause or cure of crackling has not proved easy 
to discover, although the phenomenon is generally 
looked upon as being due to impurities in the filament 
and although, also, the magnitude fii the effect can be 
reduced to some extent by heat treatment of ihe 

filament. , .• i 

Dull-emitting* filaments are, however, almost entirely 
free from this first defect, but are offenders in respect 
of the second. 

Very numerous experiments in connection with me 
microphonic noise characteristic of duU-emitter valves 
have driven us to me conclusion mat me effect is 
entirely due to the filament retaining a high degree of 


in me offending valve by means of a low-power 
scope, so that me effect of various types of electroae 
construction could be easily smdied. 

The first valve studied in mis way was a 3-year-oia 
one of me original L.T.3 Jtype having a 70 mA fil^ent 
current, and wim this as me first v^ve the set was 
easily arranged to h.owl. Wfien this occurred, no 
vibration of me grid, anode, or filament support could 
be observed wim the microscope, but me mament 
bowed out to four or five times its original diametCT. 
The same bowing out of me filament was also observed, 
but to a much smaller extent, in a D.E.R. valve. 

A valve was next constructed having a small iron 
weight hanging from me filament spring so that by 
means of a solenoid me amount of tension on me 



elasticity at its normal operating temperainre. At 
present me only practicable method of eliminating 
mese noises Seems to be to mount the valve on a special 
type of holder designed to prevent any except very low- 
frequency vibrations from reaching me valve. 

In carrjring out the above-mentioned experiments 
use was mad* of me well-known howling effect which 
is obtained when a loud-speaker, is used in conjunction 
wim many stages (four or five) of audio-frequency 
amplification. Under mese conditions, particularly 
when using dull-emitter valves, any signal or extraneous 
noise wilt start a persistent howl at a frequency near 
to me natural frequency of me diaphragm of me loud- 

^The persistence of me effect offered me readiest 
means for actuaUy observing me electrode movement 


filament could be varied. It was found that by increasing 
me tension me pitch of me howl was raised slightly 
and me quality of me note was altered, but me general 
volume of noise was unchanged. 

Various omer valves were tried in this way wim 
one or omer, or all, of me three electrodes mounted 
on spring of very low natural frequency, and also 
wim various bulb azes, but no reduction of miycfphonic 
noise could be obtained. 

There is no doubt, therefore, mat mese noises are 
due simply to me transverse vibrations of me filament, 
aimough we have a certain amount of evidence that 
me rate of damping of mese vibrations is influenced 
.li ghtly by me kind of supports used. 

In order to eliminate me noises entirely, me oi^y 
practicable way seems to be to prevent any vibrations 


696 THERlVlONIC VALVES WITH DULL-EMITTING FILAMENTS: DISCUSSION. 

__ u _;___ - 


- •' -«- 

j&rom'’reaching the filament from outside. A design 
of valve holder which achieves this object depends upon 
the fact that a spiral spring can be made which has 
a very low natural periodicity for transverse, longi¬ 
tudinal, and torsiona:^. vibrations. The valve holder is 
supported on such a spring and connections are made to 
terminal points on the base by means of phosphor- 
bronze springs. 

There is no necessity^ of course, to use this type of 
holder when only two stages of audio-frequency ampli¬ 
fication are used. 

Conclusion. 

In concluding this account of the properties of the 
dull-emitting thoriated filament it may be interesting 
briefly to compare the efficiency or economy of this 
type of dull emitter with that of the oxide-coated 
filamentsf 

In order to do this, previously published curves* 
connecting electron emission with power consumed 
in cathode-heating may conveniently be referred to. 

* H. D. Arnold : Physical Review, 1920, vol. 16, p. 76, 


H. D. Arnold in his paper states that the customary 
operating power for the oxide-coated filament is from 
8 to 9 watts per cm^ of cathode surface, and that the 
range of efficiencies lies between 10 mA of electron 
emission per watt (of heating power) and 100 mA 
per watt. • 

On the other hand, with the thoriated filament this 
efficiency ranges from 10 mA per watt at 1 630® K. 
to 200 mA per watt at 1 910® K., and 400 mA per watt 
at 2 006® K.* 

These figures, however, neglect the loss of power in 
the leads, and the apparent difference between the 
two filaments is in practice reduced as a result of the 
increased loss due to the heat conducted away by 
the filament leads in the case of the thoriated filaments, 
which operate at a temperature about 600 to 600 
degrees higher than the oxide-coated ones. Actual 
valves of the two types, produced commercially, show 
practically no difference between the efficiencies of the 
two filaments, and the results of any rivalry between 
the two will probably be determined by other factors. 

• S. Dushman ; General Electric Review, 1928, vol. 26, p. 16D. 


Discussion before the Wireless Section, 2 April, 1924. 


Professor G. L. Fortescue: This paper deals with 
the only marked new development in the small valves 
that has taken place during the last seven or eight 
years, and it is interesting to note that it involves a 
number of very subtle physical problems. Frequent 
mention is made of Richardson's work function, and 
the possibility of reducing this to one-tenth or one- 
hundredth of its present value by some indirect treat¬ 
ment of the surface of the filament immediately suggests 
itself. If this were possible the life of the valves might 
be enormously increased. Two important practical 
considerations with respect to the dull-emitting filaments 
are the effects of running at too liigh a temperature and 
of working the valves at too high a voltage. With 
regard to the former, the authors have demonstrated 
the re-forming of a filament after overheating, and a 
natural inquiry is whether it is always possible to carry 
out this process of re-forming after a filament has been 
damaged by overrunning. So far as the high voltage 
is concerned this appears to be necessary when working 
with loud-speakers, and it would be interesting to know 
"what are the limits actually found with the various 
types of dull-emitter valves and what are the hopes of 
raising this, limit in the near future. The possibility 
of using these filaments for transmitting valves also 
suggests itself, and the authors' views on the likelihood 
3 f this development would be interesting. 

Mr. R. G. Glinker: I am much interested in Fig. 3 
in which>the difference in the shape of the characteristic 
curve is shown for both tungsten and thorium emissions. 
On page 37 of Van der Bijl's book on the “ Thermionic 
Vacuum Tube " an additional explanation is given of 
the non-saturation effect. It is pointed out that the 
filament is not a perfect cylinder but is full of protrusions 
and hollows, the effect of which is to cause large electro¬ 
static fields, at the surface. High plate potentials are 
required to overcome these fields and to pull all the 


emitted electrons across. * Is it not possible that a 
difference in surface conditions between the pure tung¬ 
sten and the thorium-coated filament will account for 
some of the difference shown in Fig. 3 ? In the section 
dealing with the life test, the statement is made that 
the valves are run with a steady a.c. filament voltage 
of 1 • 8 and an anode voltage of 60, the grid tbeing con¬ 
nected to one filament lead so that the grid potential 
virtually oscillates between zero and 1 • 8 volts positive. 

I think that the last figure should read 2 • 5 volts. With 
regard to microphonic noises and the fact that the dull- 
emitting filament has a corresponding higher resilience 
than the high-temperature filament, we have found that 
if the voltage is raised from 3 to, say, 6, the damping 
is markedly greater. This can be clearly seen by 
twanging a stretched wire (as employed by the Royal 
Aircraft Establishment at Farnborough) tuned to agree 
with the natural frequency of the filament. The latter 
is seen to vibrate over a smaller amplitude when operating 
at the higher temperature. On the other hand this 
does not appear to reduce noticeably the total micro- 
phonic noise in the telephone. 

Mr. S. R. Mullard ; The result of this work can, 
I think, be traced back to that period during the war 
when those who were experimenting with valves were 
trying to solve the troubles arising from crackling 
noises occurring 4n receiving valves. This trouble was 
ultimately traced to impurities in the filament, and from 
that stage the information gathered was helpful to 
valve manufacturers in the production of dull-emitting 
filaments. Certain transmitting valves in which impure 
tungsten was used certainly showed this duU-eraitting 
property. I think that Prof. Fortescue had a 260-watt 
or a 60§-watt transmitting valve which gave very good 
results as a duU emitter. The experience which we 
have obtained runs almost parallel with the research 
carried out by the authors, and I think that the future 
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with dull-emitting filaments lies in an arrangement for 
damping microphonic noises as shown in the new 
holder, or in the use of oxide^coated'' filaments, the 
latter having the advantage of being non-microphonic 
when used in the standard holder. 

Mr. J. F. Herd: I believe thit we at the Radio 
Research Board Station, Aldershot, were actually among 
the first to be^ supplied with dull emitters when these 
were available, as an experimental product, from the 
company which the authors represent. We were inter¬ 
ested in their use in connection with a continuous 
recorder for atmospherics, working with 7 to 9 filaments 
burning 24 hours a day and 7 days a week. The advent 
of the dull emitter gave great promise of a reduction 
of accumulator maintenance. The valves then supplied 
were known, I think, as S.R.l.'' These were set up 
and used continuously for 24 hours a day for rather 
more than 6 months, representing a burning life of 
5 000 hours, without any diminution of emission. Only 
one filament burned out of its own accord. Then, 
unfortunately, the whole of the 9 filaments were acciden- 
• tally burned out, and the subsequent batch of production 
valves which were used to replace them were those 
referred to in the paper as L.T.2.'' With tliese the 
stability of emission was much inferior to that of the 
experimental samples and of those now being supplied. 
We have at present set up later dull emitters which are 
giving great satisfaction. In common, I think, with 
other valve users, I regret to learn from the authors 
that microphonic noises are more or less inherent to 
this type of filament. When a 7- or 8-stage amplifier 
is used, these noises become serious, and in our case 
might readily give rise to spurious " atmospherics 
on a record. We have practically solved that difficulty 
by means of shock absorbers which protect the amplifier 
from floor vibrations. One regrettable feature of the 
dull emitters, as compared with the oxide-coated 
filaments mentioned by Mr.; Mullard, is their compara¬ 
tive fragility. Many users will agree that they are 
liable to be broken by an accidental knock. They seem 
to me to be more fragile than an ordinary tungsten 
filament and certainly much more so than an oxide- 
coated one. 

Mr. E. Y. Robinson: I should first like to refer 
to the authors' remarks on the contact-potential eflects 
as illustrated in Fig. 2. The shift of the anode character¬ 
istic to the right is what one would expect from a 
consideration of the effect of contact potentials. From 
the space-charge equations which have been given by 
various people two formulae have been evolved, neither 
of which, in my opinion, represents the true conditions 
existing in the valve. If we take the current in the 
valve as ^a> the anode potential as the grid potential 
as Eg, the vyltage factor as /x and tlie contact potential 
as Ef,^ we have the following forinula :— 

« K{E^ -t- iiEg -I- E^"^ 

The other t 3 q)e of formula is as follows :— 

h == • 

This second formula is the more correct, and in explaining 
the reason for this I should like to give my views as to 
what actually does happen in the’ valve. In the case 


of a valve which has a plain tungsten filameni: and 
nickel electrodes, then, taking the work function for 
tungsten to be 4*6 and for nickel to be about 3 • 6, the 
application of 100 volts to the plate will give in ^ect 
I 101 volts on the plate, amd 10 volts applied to the grid 
will give in fact 11 volts on the grid; if a molybdenum 
grid were employed, 10*2 volts instead of 11 volts would 
be obtained. Considering, now, the case of a valve 
having nickel electrodes, if we have 101 volts efiective 
on the anode and 11 volts effective on the grid, and if 
in place of a tungsten filament we put in a thoriated 
filament, instead of the 101 volts on the anode we have 
99*6, and instead of 11 volts on the grid we have 9*6, 
so that in effect we shift the anode current and voltage 
characteristic to this extent. Incidentally we also shift 
the grid-current characteristic, so that we lose practically 
nothing, (Actually we lose 1*4 volts on the anode.) 
That explains the sli^t of the curve. Now1[ come to 
the formula which I think should be employed. It is 
as follows:— 

= ^{{^a + + f^i^g + g^e)}^ 

where f^E^ is the contact potential between filament and 
anode, and gE^ is the contact potential between filament 
and grid. Although the adoption of this formula has 
no practical use since the refinement introduced is far 
outweighed by such effects as emission velocities, etc., 
which are not capable of calculation, this type of formula 
enables us to visualize the operation of contact potentials. 
There is a certain effect that I have found with oxide- 
coated filaments which I should like to record. When 
using an oxide-coated valve as a reacted detector, the 
circuit being very critically reacted and adjusted so 
that there was no backlash when it started oscillating, 
a feature when using certain valves was that the circuit 
would oscillate for about 6 seconds, then remain silent 
for a further 6 seconds, then oscillate again for S seconds, 
and so on. Various possible causes, including the 
presence of gas in the valve, were ruled out by experi¬ 
ment, and I was led to accept the following explanation. 
In an oxide-coated filament valve the slope of the 
characteristic curve is very much more dependent on 
the total emission from the filament than in the case of 
the ordinary tungsten filament valve. Consequently a 
small increase of emission will increase the slope of the 
anode characteristic and thus cause a critically reacted 
circuit to oscillate. What apparently happens in the 
case given above is that the work function of the oxide 
coat—or more possibly of one spot in the oxide coat- 
changes periodically and thus periodically changes the 
slope of the anode characteristic. This effect has been 
observed in several valves both purchased and made 
by myself, so that it seems to be a common failiifg. 
The^ moral is that oxide-coated valves which are very 
closely designed as regards emission may pi^ve to be 
unsuitable for use in critically reacted sets. As pointed 
out above, the grid-current curve is shifted over to the 
right of the zero grid voltage. Consequently, when the 
valve is being employed as a detector'using cumulative 
grid rectification, the grid leak should be connected to 
the positive terminal of the filament battery in order 
to bring the grid potential to its optimum value. 

Mr. H. W. Edmundson: One point arises with 
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regard to the duU-emitting filaments as compared with 
the pure tungsten filaments, and that is the increase 
in the length of filament which is possible with the 
former. If one takes two filaments to work on the 
same voltage, the Qull-emittlng filament consuming 
J ampere and the pure tungsten J- ampere, the dull- 
emitting filament is nearly twice as long as the pure 
tungsten filament. This enables a lower anode resis¬ 
tance to be used. Valves with duU-emitting filaments 
are stronger than valves with pure tungsten filaments, 
even when the duU-emitter filament is smaller in 
©ter. 

Mr. C. F. PhiUips : It is to be regretted that in the 
latter part of the paper the authors confine themselves 
particularly to their most recent development, the 
D.E.3 valve. The conclusions set out at the end of 
the paper^ relate to dull-emitting filaments in general, 
whereas a large part of the paper deals only with that 
specific type of yalve. There is a new t 3 ^e of filament 
known, I believe, as the “ XL," or thoriated tungsten, 
filament with possibly some special addition such as 
the authors have mentioned. This filament is applied 
to-day to valves of many different kinds. For instance, 
a somewhat similar filament to that used in the D.E.3 
is applied to a valve which consumes 0*8 ampere at 
a pressure of 4-5 volts; such a valve has a very large 
emission, approximately 90 mA. For experiment, two 
valves were taken consuming respectively 60 and 800 mA 
in the filament (XL type in each case); as might be 
expected, the first valve was extremely microphonic, 
whereas the second was not in the least noisy. It 
therefore occurs to me that in the desire to make a real 
dry-battery valve there has been a tendency to go down 
to the extreme limit, i.e. 60 mA, when perhaps, had 
the manufacturers endeavoured to make an XL fila¬ 
ment vajye consuming 100 or 120 mA, we might have 
got a more advantageous valve for use commercially 
with dry batteries, as such a valve would be deprived 
to some extent of its microphonic properties because 
the filament consumption would lie between the 60 and 
800 mA that I have mentioned. I have noticed what 
seems to me to be an unfortunate fact in connection with 
valves having oxide-coated filaments. To-day we are 
most of us interested in that portion of the valve curve 
which lies to the left of the zero grid line. In a valve 
with a thoriated filament we can make that portion of 
the curve extremely long by applying a comparatively 
high anode potential and maintaining the grid at a 
suitable negative potential. If we try to do the same 
thing with an oxide-coated filament the same conditions 
do not apply,, because as we increase the anode voltage 
above the limits fixed on the box the valve starts to 
"TdIuc," so that the very valuable portion of the curve 
to the left of the zero grid line cannot be prolonged. 

Mr. P.^G. A. H. Voigt: I have had two very poor 
D.E.R. valves which I ran all night without high tension, 
and the emission was only normal for 2 minutes. I 
should like to know whether there are any hopes of 
restoring the emission of these valves. As Mr. Phillips 
has said, the negative side of the grid voltage is the 
one that most interests the wireless user, and I have 
been appl 3 dng high tensions (up to 300. or 400 volts) 
on the anode to increase this side. The authors say 


that the use of a very high potential depends on the 
diameter of the bulb. I should like to know whether 
it is safe to use the L.S.5 valve at 600 volts when it is 
marked for only 120 volts. 

Mr. W. H. Edridge: Previous speakers have empha¬ 
sized the utility of the left-hand side of the valve 
plate-current/grid-potential characteristic. Since there 
can be no doubt that it is the portion of 'pie curve which 
lies outside the corresponding grid-current curve which 
should be utilized, I would ask the authors to give 
further particulars concerning the position of such 
grid-current/potential curves for the various ty^es of 
valves which have been examined by them in the course 
of research and which are alluded to in the paper. The 
question of admissible plate potential also hinges upon 
the same question. I should be glad, therefore, if ^e 
authors would state whether the limits given for admiss¬ 
ible grid potential for various sizes of dull-emitter valves 
may not be considerably increased if the plate current 
is maintained at a given figure, for sample half the 
saturation value, by means of negative grid bias. My 
reason for raising this point is that it would appear ‘ 
possible that the tendency of the valve to lose efficiency 
when higher plate potentials than those specified by 
the authors are employed, may possibly be a function 
of the plate current rather than of the plate potential 
producing it;, that is to say, the detrimental effect of 
high plate potential may be eliminated by an equivalent 
negative grid bias. With reference to the fact that these 
dull-emitter valves appear to be considerably more 
sensitive to variations of filament current in so far as 
oscillation ‘is concerned, should this prove to be an 
objectionable characteristic it would appear to be easy to 
compensate for it by suitably placing a filament rheostat 
in the circuit. 

Mr. L. S. Harley: I should like to know whether 
the safe anode voltage, which is stated to be 

a function of the size of the bulb, does not depend also 
on the emission from the filament and possibly on the 
state of cleanliness of the interior surface of the valve 
bulb. It occurs to me that the limiting voltage may not 
be quite so definite as is stated in the paper. 

Mr. W. F. Marriage (communicated) : The paper 
deals primarily, of course, with valves of the thoriated- 
filament type. The authors refer to the work which 
ha& been carried out by the Western Electric Company 
in the development of valves using oxide-coated fila¬ 
ments. The paper to which the authors refer for 
information on this latter type of valve (Physical 
Review, vol. 26, p. 76) does not, however, deal with a 
number of features of considerable importance in valve 
work, and it will ]^robably be of interest to members to 
touch briefly upon some of these points. I propose 
therefore to confine my remarks under fouj* headings: 
(1) Microphonic noises, (2) Uniformity of production, 
(3) Stability of emission, and (4) Life. 

(1) Microphonic noises .—^As demonstrated by the 
authors at the conclusion of the paper, the thoriated 
tungsten^ filament is particularly microphonic. The 
oxide-coated filament, on the other hand, is much less 
liable to trouble of this kind so that no special precautions 
are needed in practice as regards light and flexible 
I wiring. This lack of‘microphonic effect is controlled by 
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the fact that the oxide-coated filament is made with 
a special alloy core which is not so highly elastic 
as thoriated tungsten. Furthermore, the oxide-coated 
filament is of sturdy dimensions, the dimensions in the 
case of the ''Wecovalvebeing 0*0022 in. diameter 
and in the case of the repeater tube 0* 002 in. by 0 • 012 in. 
This introduces a greater impedance to movement and 
makes the oxide-coated filament much less susceptible 
to vibration. *Can the authors supply corresponding 
figures for similar valves with thoriated tungsten 
filaments ? 

(2) Uniformity of production .—The emission from 
thoriated tungsten over the operating range is several 
times as much per cm^ as from the oxide-coated filament 
over its operating range. This greater density of 
emission from thoriated tungsten has the effect of 
requiring for thoriated tungsten filament valves a 
smaller plate and grid structure than is required in the 
case of an oxide-coated filament valve having the same 
characteristics. This smaller structure has the dis¬ 
advantage that slight departures from specifications in 

• assembly cause greater departures from normal tube 
characteristics. Thoriated tungsten tubes would there¬ 
fore be expected to be less uniform in characteristics for 
equal skill in assembly. Uniformity of characteristics 
are, of course, of very great importance to ensure that 
when valves are replaced the same performance will 
result. 

(3) Stability of emission .—On pages 692 and 693 the 
authors treat this subject in a very comprehensive 
manner. Their remarks on anode voltage and degree 
of vacuum apply, in general, to the oxide-coated as well 
as to the thoriated tungsten filament. With regard to 
filament temperatures, however, the thoriated tungsten 
filament is under the serious disadvantage that, when 
overrun, its normal emission is changed to that of a pure 
tungsten filament. The effect of momentarily over¬ 
running an oxide-coated filament is to produce increased 
emission and to take a few hours off its average effective 
life, but, unlike thoriated tungsten, the oxide-coated 
filament returns to its normal stable emission when the 
filament is reduced to its normal operating temperature. 
Consequently no inconvenience is occasioned by the 
necessity of reactivating the filament. With the oxide- 
coated filament such temporary overrunning does not 
result in a changed anode impedance when the nor^ial 
filament current is resumed. It would seem probable 
that in the case of thoriated filaments the process of 
rejuvenation would have to be carried out with very 
great care, and probably by expert hands to ensure that 
the anode impedance did not differ from its original 
value. Change of anode impedance will, of course, 
affect the performance of the valve in the circuit in which 
it is used, and might result in appreciable distortion due 
to this ch5.nged impedance no longer matching the 
impedance of the transformer or the circuit to which 
it is connected. 

(4) Life .—Feliable data are available on the average 
life of oxide-coated tubes as used in telephone repeaters, 
and very extensive tests involving many thousands of 
this type of valve indicate that the average effective 
life exceeds 20 000 hours. This life figure covers failure 
from all causes. It would be interesting if the authors 


were to give corresponding figures for telephone repeater 
valves having thoriated tungsten filaments. The hfe 
of an oxide-coated filament culminates in a process last¬ 
ing for a considerable period of time—several hundred 
hours in many cases. This process begins with the 
formation of a “ bright spot'' in the filament which 
very gradually increases in brightness until the metallic 
core is fused. The valve is usually in good operating 
condition throughout this period. The advantage of 
this behaviour lies in the fact that ample warning is 
given of the approaching failure and the valve may be 
replaced while not in actual service.' I should like to 
remark on two points which arose during the discussion. 
Prof. Fortescue asked whether it was not possible to 
manufacture a power valve utilizing dull-enaitter fila¬ 
ments. In this connection it may be stated that the 
Western Electric Company manufacture standard valves 
ranging from 0*05 watt up to 250 watts. TlPese figures 
represent the safe energy which can be dissipated by 
the plate. Another speaker made reference to the fact 
that when the anode voltage for an oxide-coated filament 
valve was raised above that specified by the manufac¬ 
turers, blue haze became apparent in the valve. This 
phenomenon would appear to apply to all types of 
valve. I should like to say that it does not seem a 
fair test to overload a valve to obtain increased output: 
the solution appears to be to obtain a valve which has 
been designed to cope with the power required. 

Messrs. M, Thompson and A. G, Bartlett [in 
reply) ; Prof. Fortescue is probably too optimistic in 
thinking it possible to reduce the work function to 
one-teiath or even one-hundredth of its present value. 
The most electro-positive substance known is probably 
metallic caesium, for which Langmuir has obtained the 
preliminary value of 1*4 equivalent volts for the work 
function, which compares with 4*5 for tungsten and 
about 3 • 0 for thorium. 

In the event of a dull emitter being overrun the 
process of re-forming will generally restore the emission 
except where the available supply of thorium is con¬ 
sumed, as, for example, at the end of its long life, or 
where overheating of the other electrodes and of the 
glass has caused the liberation of electro-negative gases 
such as water vapour. For those valve users who 
require a dull emitter to withstand an anode voltage of 
300 to 500, the L.S.5 type will be found suitable. The 
filament of this valve requires about 0*8 ampere at 
4*5 to 5 volts, the total emission being 60 to 100 mA. 
This valve will also allow an anode dissipation' of 15 
watts. 

In reply to Mr. Clinker, the saturation part of 
the characteristic curve is very nearly fiat for the 
ordinary tungsten filament, while there seems to be fio 
reason why a dull-emitting filament should have either 
larger or more numerous hollows in its susface than 
ordinary tungsten. The figure of 1*8 for the virtual 
oscillating grid voltage during the life test is of course 
the K.M.S. value. 

In reply to Mr. Herd, our experience is that with 
filaments of the same dimensions the dull emitter is 
stronger throughout its life than an ordinary tungsten 
filament. This advantage is the result of the fact 
that, at the operating temperature of dull emitters. 
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crystal ^owth, which sometimes gives rise to the well- 
known off-setting in hot tungsten, does not take 
place, 

Mr. Phillips is, we believe, under a misapprehension 
in thinking that the D.E.3 valve received more than 
its fair share of attention in the paper. If one t 3 rpe of 
valve is dealt with more than another it is probably 
the 1*8-volt L.T.l (or D.E.R.) type. The suggestion 
that a filament consuming 100 to 120 mA would be 
better for the D,E,3 valve should perhaps be referred 
to the dry-battery experts. Three filaments each con¬ 
suming 60 mA are already a heavy load for the present- 
day dry batteries, and four such filaments are almost 
more than they can desd with. 

Mr. Edridge suggests that the stability of thorium 
emission might be almost independent of anode voltage 
provided the anode current were kept constant by a . 
suitable ^d-voltage bias. We can only state that this 
is contrary to our experience and that, in addition to 
the mere heating effect of anode power dissipation, 
there is an additional effect due to the electrical field. 
The actual value of the safe anode voltage does, of 
course, vary in valves of the same type, probably as a 
result of variations in the state of the bulb surface. It 
is mentioned in the paper that the grid characteristic 
undergoes a shift similar to that of the anode charac¬ 
teristic. It is therefore possible for the grid voltage of 
a dull emitter to have a higher positive value than in 
the case of the hot tungsten filament. 

Mr. Marriage gives dimensions of oxide-coated fila¬ 
ments. Corresponding dimensions for thoriated fila¬ 
ments are as follows ;— 

D.E.3 valve .. .. 0*0007 in. diameter. 

D.E.R. valve .. .. 0 • 0023 in. diameter. 

Repeater valve .. .. 0*0036 in. diameter. 

We fiSid that under works conditions the proportion 
of rejected dull-emitter valves manufactured in accord¬ 
ance with close specifications is very small. | 


It should not be understood that a small amount of 
overrunning is injurious to thoriated filaments. All 
types, for example, will easily withstand for lengthy 
periods a filament voltage 30 per cent above the value 
at which the valve operates efficiently, and this should 
be a sufficient margin for the most careless user. One 
source of trouble may well consist in this, that when 
the over-voltage is considerably greater than that 
mentioned above, the filament refuses to melt, as 
vrould be the case if the oxide-coated filament were 
similarly overloaded, so that the user does not acquire 
sufficient respect for the properties of the filament. 

With regard to the life of repeater valves, it is only 
a little more than a year since the Marconi-Osram 
works began to manufacture a dull-emitter type of 
valve. Our life tests have therefore lasted only about 
8 000 hours, but, judging from the shape of the curves, 
we see no reason why the performance of the oxide- 
coated type should not be at least equalled* We might 
also mention that with other t 3 q)es of tlioriated dull 
emitters, lives exceeding 20 000 hours have been recorded 
in actual operation. 

In conclusion, reference should be made to two 
recent developments—^both due to the General Electric 
Company of America—in the technique of dull-emitter 
manufacture. Visible evidence of one of these develop¬ 
ments is afforded by the silvery appearance of the 
bulb in most modern dull emitters. The silvery film 
consists of magnesium, which assists in producing a 
perfect vacuum in much the same way as phosphorus 
assists in producing the vacuum in lamps. 

The second development is outlined in E.P. 184 44:6, 
which describes the introduction of carbon into a 
thoriated tungsten filament, as a result of wliich thorium 
emission becomes less sensitive to the action of electro¬ 
negative gases present in the valve atmosphere. The 
oxidation of the thorium atoms lying on the surface of 
the filament is counterbalanced by the reducing action of 
adjacent carbon. 



SMITH-ROSE: R’ADIO DIRECTION-FINDING OBSERVATIONS. 


701 
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Summary. 

An account is given of some experiments conducted with 
two direction-finding receiving stations taking observations 
on ship transmitters located at various positions in the 
North Sea between England and the Continent. Damped 
waves of length 450 m were employed, as given by the 
ordinary spark transmitting sets with which the ships were 
fitted. The results obtained are analysed in detail and the 
vmious errors encountered are described. The effect of the 
various local errors to which a direction-finder is subject is 
not, however, studied in any detail, the object being rather 
to examine conditions prevailing across the sea, as compared 
with those across land. By careful attention to certain 
details various, sources of error present in the earlier experi¬ 
ments were eliminated, with a resultant improvement in the 
overall accuracy. The general conclusion drawn from the 
experiments is that when the path of transmission is entirely 
over sea and in a direction making an appreciable angle 
with the coast line so as to be free from coastal refraction 
effects, the accui'acy of radio direction-fixading is sufficient 
for many navigation purposes up to ranges approaching 
100 miles. Observations taken on various land stations 
with spark transmitters on wave-lengths of 450 and 600 m 
show that for gi-eater distances over sea the variable “ night 
errors encountered are of a much higher order. When the 
propagation of the waves is entirely over land the corre¬ 
sponding variations are encountered at shorter distances. 


1. Introduction. 

Since the early part of 1922, an organization of 10 
direction-finding stations under the auspices of the 
Radio Research Board has been engaged in the accu¬ 
mulation of data on the variations of the apparent 
bearings of fixed transmitting stations. These stations 
have worked on the comparatively long waves from 
2 km upwards, utilizing the transmissions from the 
European medium-power and high-power stations. 
Towards the end of 1922 it was decided to extend the 
investigation to shorter waves down to 460 m. For 
this purpose only two stations were employed, one 
installed at the Slough station of the Radio Research 
Board, and a second station at Orford which was rented 
from the Admiralty for the experiments. 

With the commencement of operation of the Orford 
station it was proposed to take the opportunity of study¬ 
ing direction-finding conditions when the propagation 
was entirely over sea for varying distances. The 
co-operation of the authorities of the Great Eastern 

♦ The Papers Committee invite written cominnnications {with a view to 
publication in the Journal if approved by the Committee) on papers published 
in the Journal without being read at a meeting. Communications should reach 
the Secretary of the Institution not later than one month after publication of 
the paper xo which thev relate. 
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Railway Company made this possible by permitting 
the transmission of special signals by the Company's 
ships passing between England and the Continent. 
Experiments were commenced in October 1922 ^nd con¬ 
tinued at various periods until their conclusion in 
November 1923. The present paper is a descriptive 
summary of the results and experience obtained during 
this part of the main investigation and is considered 
particularly from this point of view of the application 
of direction-finding at shore stations to the navigation 
of ships at sea. 

2. The Direction-finding Stations and Personnel. 

At the Orford station a standard type of Bellini-Tosi 
direction-finder was used as supplied and erected for 
the Admiralty by Marconi's Wireless Telegraph Co. 
The aerial loops were of an approximately diamond 
shape, supported on a central mast 92 ft. high and four 
corner masts 32 ft. high, the hoiizontal span of the 
loops being 120 ft. On the wave-length of 460 m 
employed in these experiments the loops were used in 
the untuned condition, being connected directly to the 
field coils of the radiogoniometer, with the midrpoint 
of these coils earthed. The goniometer was of the 
tightly-coupled type and its search coil was connected 
to the primary coil of an intermediate circuit and tuned 
with a, variable air condenser. The secondary coil of 
this circuit was tuned with a second condenser, leads 
from which were taken directly to the amplifier. In 
the initial experiments a single stage of high-frequency 
amplification with tuned anode and grid circuits was 
employed, followed by a detector valve and two or 
three stages of note magnification. At a later date 
this was replaced by a standard type of 7-valve high- 
frequency amplifying detector followed by two stages 
of note magnification. With these arrangements wire¬ 
less bearings were usually obtainable on ship and shore 
transmitting stations with an angle of swing at the 
minimum down to V, i.e. the angle at the minimum 
over which no change in signal strength can be observed. 
Although the sensitivity of the 9-valve receiver was«such 
that loud signals were frequently obtained bn the 
intermediate circuit with the aerial loops disconnected, 
no diminution of this angle of swing was ever obtainable 
by a reduction in the sensitivity. 

At Slough the set was also of the Marconi-Bellini-Tosi 
type similar to that of Orford but of a more temporary 
nature, particularly in the matter of mast construction. 
The set was of the portable land-station type as formerly 
used by the British Army, with triangular aerials sup- 
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ported on a 70-ft. central mast, and a horizontal span 
of 200 ft. The receiving arrangements were otherwise 
identical with those at Orford, with the exception that 
the whole hut centring the apparatus and the operator 
was screened with a lining of wire netting of l~inch 
mesh. Measurements within such a screen have shown 
that the strength of an incoming electromagnetic wave 
is reduced to about 6 per cent of its value outside the 
screen,* This resulted in the practical elimination of all 
direct pick-up of signal on the intermediate and amplifier 
circuits, with the 9-valve receiver working at its highest 
sensitivity, and a ship's type of spark transmitter 
operating at a distance of about 11 miles. 

The two direction-finding stations were run under 
the personal supervision of the author, who took an 
active share in all the observations made. The bulk 
of the o]fe»servations were, however, made by the author's 
assistants, each of whom is highly skilled in this direc¬ 
tion, as a result of a large amount of direction-finding 
observation work carried out during the past two or 
three years. 

3. Duration and Procedure of Experiments. 


The first tests made on special transmissions from 
the boats of the Great Eastern RaUway Co. were carried 
out during the two weeks commencing the 9th October, 
1922. On a somewhat extended scale the experiments 
were resumed on the 12th February, 1923, and con¬ 
tinued intermittently until the 16th November, 1923, 
at which date the experiments were concluded, after a 
total period of nearly 14 weeks' nightly observations 
had been worked. 

The general procedure adopted during this work was 
briefly as follows: As each of the various ships ap¬ 
proached one of the light vessels or light buoys on its 
route \o or from the Continent, the wireless operator, 
being warned by the navigation of&cer, ^made a prelim¬ 
inary call to Orford. After receiving the reply from 
Orford, the ship's operator sent a special code signal 
for a period of about 1^ minutes to enable the observers 
at Orford and Slough to make simultaneous determina¬ 
tion of the wireless bearings of the ship. Direct and 
reciprocal readings on the goniometer scale were always 
taken and the mean of these (with the appropriate 
180® correction) was taken as the observed bearmg. 
At the time of sending of the special sign^ the ship’s 
navigation officer recorded the ship's position, as ^ti- 
mated by distance and compass bearing from the light 
vessel. The above procedure was repeated for each 
ship on passing each light vessel or buoy, Ihe code 
signal used in the transmission being sufficient for 
''identification purposes in the recorded readings. At 
the conclusion of each week of the experiments the log 
sheets rfrom the ships and from the direction-finding 
stations were ‘sent in independently to the Natio^l 
Physical Laboratory. With the unavoidable exception 
of the author, the direction-finding observers were 
purposely kept uninformed as to the positions of the 
ships, the operators of which also knew nothing of the 
conditions or results at the direction-fintog stations. 
-These precautions, together with the prohibition of any 

'* R. H. Barpibld : ** Some Experiments on the Screening of Radio Receiving 
Apparatus,” Journal 1924, V^. 62/p. 267^. 


communication between the operators on ship and shore, 
permitted the reception of absolutely unbiased results. 

In the majority of the experiments the period of 
working was from 2245 to 0400 G.M.T., use being 
made of that portion of the passage of the two outward- 
bound and the two inward-bound boats which fell 
within this period. In practically every one of these 
cases darkness prevailed throughout c the whole test. 
During the summer, however, when the schedule times 
of the boats were altered to British summer time, the 
periods worked were 0100 to 0700 G.M.T., to observe 
the efiect of sunrise and subsequent daylight. 

In addition to the above special signals sent from th 
ships, transmissions were made at intervals during each 
observation period by the Great Eastern Railway Co.'s 
station at Parkeston Quay, the National Physical 
Laboratory's station at Teddington, and (for the use 
of the Slough direction-finding observer only) by the 
Orford station. This arrangement was made to enable a 
comparison to be effected between the direction-finding 
observations taken on the ship stations and those tak^ 
during the same periods on land stations over distance 
of the same order. 

In entering the readings on the observation sheets 
for both ship and shore stations, the observer recorded 
his opinion as to the reliability of the observation as 
judged from the nature of the signal minima. As pr^ 
viously noted, bearings on signals of adequate stirengm 
could be observed with an angle of swing of 1® to 2 , 
and under favourable conditions this angle was not 
greater than 8® in observing at Slough on signals trans¬ 
mitted by a ship on the far side of the North Sea over 
a distance of nearly 200 miles. In many cases, however, 
this angle was necessarily much larger, due to the adverse 
conditions experienced, the most prominent of thes 
being interference, flat minima and wandering minima. 

The two latter were very frequent in some portions 
of the test and were characterized first by a signal 
audible all through the minimum, but the strength of 
which gave no detectable change over an angle some¬ 
times amounting to 90® ; and secondly by a drift of the 
minimum at a varying rate round the goniometer scale. 
Although no really hard-and-fast rule can be giv^ to 
observers to determine the reliability of observations, 
it is in general not considered that accurate bearings 
Can be obtained when the angle of swing is greater 
than about 20®. 

When observing on the ship transmitters at Orford 
the signal minima were always steady, apart from the 
drift due to the actual motion of the ship, when trans¬ 
mitting at short ranges. Although the minima in some 
cases had becoip.e appreciably flattened, and the obser¬ 
vations were accordingly marked ''unreliable," the 
results given in Table 1 show that the .corresponding 
error in bearing was usually quite small. 


4. Discussion of the Results obtained. 

During the whole period of these experiments the 
total number of observations taken on the ships' trMS- 
missions was 996, and an additional 3 444 observations 
were made on the transmissions from the land stations. 
A summary of all the results is ^ven in: Tables 1 to 8, 
and tii^e are discussed in detail in the present section. 



SHIP AND SHORE TRANSMITTING STATIONS. 


703 


From the various ships’ positions recorded on the 
respective log sheets, the true bearings of the ships at 
both Orford and Slough were obtained from charts, 
each case being worked out individually. The true 
bearings so obtained were compared with the observed 
wireless bearings, and the difference between these is 
termed the error in the following tables. It will be 
noted that in some cases the results are divided into 
the two classes '' Reliable'' and Unreliablein 
accordance with the notes made by the observers of 
the wireless bearings. This classification does not 
necessarily indicate that the bearings are inaccurate. 
In 46 cases no bearing was obtainable on the ships at 
Slough, on account of the absence of any detectable 


more than 3° in error. The largest errors recorded at 
Slough are also much greater than those at Orford. 

From these considerations it may be concluded at 
once that while, for the Observations at Orford, the 
observer's opinion as to the reliability of the reading 
was no criterion of its probable accuracy, at Slough the 
observer was able, to a limited extent, to detect and 
condemn those readings which were more seriously in 
error. 

A detailed consideration of the results as observed 
on the ships while passing the various light vessels and 
buoys shows that the errors are practically of the same 
magnitude for each position, although the actual 
extreme values are much greater at Slough than at 


Table 1. 


Summary of all Observations obtained. 



At Orford 

At Slough 


Observers* remarks on observations 

Observers’ remarks on observations 

Error in bearing 










Reliable 

Unreliable 

Reliable 

Unreliable 


Number 

Per cent 

Number 

Per cent 

Number 

Per cent 

Number 

Per cent 

Up to 1° .. 

201 

43-8 

46 

42-6 

61 

34-1 

25 

12-2 


116 

25-2 

32 

29-6 

47 

26-2 

39 

19-1 

2°~3° 

84 

18*3 

16 

14-8 

42 

23-5 

23 

11-3 

3°-4° 

28 

6-2 

8 

7-4 

10 

5-6 

24 

11-8 

4°-6° 

22 

4-8 

2 

1-9 

4 

2-2 

20 

9-8 

6°~10° 

8 

1-7 

4 

3-7 

13 

7-3 

39 

19-1 

Over 10° .. 

Nil 

Nil 

Nil 

Nil 

2 

1-1 

34 

1^-7 

Total 

459 

100-0 

108 

100-0 

179 

100-0 

204 

100-0 

Largest error 









recorded 

7-6° 

— 

9-3° 

— 

12-2° 

— 

33-8° 

— 


minimum of signal strength for the whole rotation of 
the goniometer search coil. 

{a) Ships’ transmissions .—Table 1 gives a summary 
of all the observations made (at Orford and Slough) in 
the form of numbers and percentages of bearings with 
varying errors. Considering first the pbservations at 
Orford, it will be seen that there is little diference in 
the percentage of the errors of the bearings marked 
” reliable " and unreliable." Over 87 per cent of the 
bearings in each class are correct within 3°, while the 
maximum errors are 7*6° and 9-3° respectively for 
the two classes. Referring to the observations made 
simultaneously at Slough, however, it will b% seen 
that while the percentage (83-8) of those in the reliable 
class which are correct within 3° is a little less than 
the corresponding figure for Orford, the majority 
(57 per cent) of the unreliable readings at Slough are 


I Orford. The systematic error involved in taking 
bearings on ships in the various positions is not greater 
than 1° in the majority of cases and is thus comparable 
with the limit of accuracy of the direction-finders. Iii 
the case of the Shipwash and Sunk light vessels, however, 
the error amounts to 2°. It was thought at first that 
this might be a permanent local error of the direction¬ 
finding installation, due possibly to coastal refraction. 
Considerations of the directions of the above light vessels 
relative to Orford on the chart reproduced in Fig. T, 
shows that the waves transmitted from these positions 
would cross the coast at only a small angle to the normal, 
and the possibility of any appreciable refraction is 
therefore remote. Furthermore, it will be seen that 
signals arriving from positions at the Outer Gabbard^ 
and Longsand in closely related directions to those from"* 
the Shipwash and Sunk, respectively, are subject to a 
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very reduced systematic error. Since the ships’positions increase in distance, however, suggests that some at 
were estimated from the light vessels, the accuracy of least of the errors arise from some uncertainty of the 
the true bearing depends upon the accuracy of their knowledge of the ships' positions from which the true 
charted positions.It is understood from the Trinity bearings are obtained. In the last column of Table 2 
House authorities that the possibility of these charted are given the values of the error in the position which 
positions being incorrect is somewhat remote. Such correspond to a 2® error in bearing at Orford, and 
inaccuracies are not unprecedented, however, for three from these it is seen that for the positions closer than 
caseswerebroughttonoticerecently as a result of radio- the Galloper it is necessary that the ship’s position 
acoustic experiments carried out in the English Channel.* recorded be correct within 1 mile, and that at the 
One of these light vessels, the West Hinder, was found Shipwash light vessel an accuracy of J mile is required, 
to be 1J nautical miles out of its charted position. Such Now whereas under favourable conditions the estimated 





an error in the case of either Shipwash or Sunk would 
produce a change in bearing at Orford of several degrees. 
Table 2 gives an abstract of the results in the form 
^ of the numbers and percentages of the observed bearings 
' whose errors are not greater than 2®. These figures 
show generally that as the distance from the ship to 
Orford' increases, the proportion of the results correct 
within 2® increases from about 45 per cent to 90 per cent. 

The relation is not a strict one in view of the high 
percentage accuracy obtained at the Cork position, and 
it is also to be remembered that compensation for the 
systematic errors discussed above would greatly increase 
the percentages corresponding to the Shipwash and 
"Sunk positions. The general increase in accuracy with 

• A. B. Wood and H. E, Browne : ** A RadiorAcoustic Method of Locating 
' Positions at Sea,” Proceedings of the Physical Sx>ciety, 1928, voL 88, p. 189. 


position is well within such a limit of accuracy, various 
circumstances arose in these experiments which might 
considerably increase the difference between actual and 
recorded positions. Among these circumstances were 
the prevalence'bf bad weather, mist, etc., which made a 
visual estimate of distance uncertain, and some unavoid¬ 
able delay between the determination of the position and 
the transmission of the special wireless signal; while 
on some occasions interference prompted the observer 
at Orford to request a repeat signal, from a fresh 
position of the ship which was not always corrected. 
It sKbuld also be noted that all observations were 
made while the ships were travelling at a speed in the 
neighbourhood of 20 knots, and that at a short range 
such as from the Shipwash the motion of tlie ship during 
the transmission ef the Ij-minute signal corresponds 
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Table 2. 

Numbers and Percentages of all Bearings up to 2"^ in 
Error, observed at Orford on Ships at the Various 
Positions, 


Position of ship 

Approximate 
distance 
frCm Orford 

Errors in bearing 0°-2‘^ 

Error in ship’s 
position 
corresponding 
to 2° error 
in bearing 

Numb(§r 

Per cent 

Shipwash 

miles 

11-0 

24 

44-5 

miles 

0-36 

Cork .. 

12-6 

76 

68-5 

0-45 

Sunk 

16-0 

27 

49-0 

0-66 

Longsand 

21-5 

18 

58-0 

0-71 

O. Gabbard .. 

24-0 

31 

61-0 

0-80 

Galloper 

30-5 

64 

82-0 

1-00 

N. Hinder .. 

58-0 

72 

80-0 

1-67 

Wielingen .. 

87-0 

66 

85-5 

2-86 

Maas 

102-0 

18 

90-0 

3-34 

All positions.. 

Various 

396 

70-0 

— 


to a change in bearing at Orford of about 3°. This 
drift in the observed bearing was vei;y noticeable, but 


the mean of the direct and reciprocal readings gives 
the only average value which can be used. This point 
is one which must frequently arise in the commercial 
use of direction-finding at short ^distances, and is 
partially avoidable by decreasing t&e duration of the 
transmission and observing the bearings as quickly as 
possible, in the manner adopted in the special tests to 
be described later. 

The general result of this analysis of the observations 
taken at the Orford station is therefore that under 
ordinary working conditions at sea, wireless bearings 
can be obtained on ships at distances up to about 100 
miles across open sea to an accuracy such that over 
80 per cent are correct within 2°, and that the frequency 
of occurrence of an error of more than 5° is such as 
to be negligible for practical working. What may be 
termed “incipient night effect” was evidenced^at the 
longer ranges by flatness of minima, but no error of 
any magnitude due to this cause has been experienced. 

The words “ across the sea ” must be understood to 
exclude the case in which the transmission is in a direc¬ 
tion making a small angle with the coast line, resulting 
in coastal refraction effects. In a similar manner the 
effect of waves crossing cliffs, or being subject to any 
other disturbance at the direction-finding receiver, are 
excluded from the above statement of observed 
results. 



Fig. 2. 
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At the Slough station the night efiects were very 
much more prominent in the way of extreme flatness 
of minima and large errors in observed bearmgs rangmg 
up to nearly 34°. As demonstrating the accuracy 
which is obtainable in the sfbsence of these night con¬ 
ditions, Table 3 gives a summary of all the observations 
taken on the ships at various times after sunrise. 
Nearly 77 per cent of the reliable readings were co^ect 
within 2°, these being taken at distances ranges 
89 up to 191 miles (see Fig. 2). At ^e ^as hg 
vessel at a distance of 191 miles from Slough, 8 of the 
9 readings obtained were within 2°, the remammg 
reading being — 2*2° in error. ^ 

(b) Transmissions from land stations. —^In i. able 4 i 
given a summary of the results obtained dunng 
experiments in making direction-finding observations 
on the three land stations employed for the purpose. 
The spark transmitting set at each station was employed 
and the wave-length of 460 m was used throughout. 

Table 3. 

Summary of all Observations taken after Sunrise, at 
Slough. 


Ecror in bearing 

Reliable 

Untel 

(able 1 

Number 

Per cent 

Number 

Per cent 


Up to 1* .. 
l‘>to2* .. 

23 

30 


1 

33-3 

2® to 3° .. 

14 

20*3 

— 


Over 3® .. 

2 

2*9 

2 

66'6 

Totia 

69 

100*0“ ' 

3 

100-0 


As previously mentioned, the majority of the work was 
done at night, but the day readings tabulated are those 
taken in the portions of the observation periods which 
were more than one hour after sunrise. The results 
given are typical of those which may be observed at 
Liy direction-finding station when working at corn- 
parable distances and when the path of transmission is 

partly or wholly over land. ' . x-u 

Where the distance is comparatively short, as m the 
cases of Parkeston Quay to Orford and Teddington to 
Slough, no difference by day or night is found m the 
accuracy , of the observed bearings or in the sharpness 
of the minimum signal readings. In the absence of 
^any interference the angle of swing at the minimum is 
from-1? to 2°, and the mid-position can usually be 
determxhed to about 0 • 2°. Under such conditions quite 
definite variations in the observed readings are expe¬ 
rienced which, however, have a maximum amplitude of 
about 3°, corresponding to a maximum difference from 
the mean of about 1 • 7°, and Table 4 also shows that in 
less than 2 per cent of cases is the difference greater 
1®. In the two cases quoted there is a permanent 
deviation of the mean observed bearing from the true 
value, of over 3°. In the case of Parkeston Quay to 
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Orford this is possibly due to coastal refraction, since 
•the path of transmission is in this case nearly parallel 
•to the coast line for a considerable distance (see Fig. 1). 
It will be observed that the permanent error from 
Teddington is also about 3®, and other observations show 
•tliat when receiving at Orford in tfie sector of approxi¬ 
mately 220® to 240®, a correction of -|- 3® must be made 
•to the observed wireless bearings. 

In the case of Teddington to Slough, the cause of 
•the error is obscure and is still under investigation. 
Replacement of the Bellini-Tosi installation by a 
portable frame-coil direction-finding set has shown that 
the error is not due to the apparatus, and an exploration 
of the neighbourhood has shown that the error varies 
rapidly with change in position ; this indicates that the 
cause is a very local one. 

Reverting to the results given in Table 4, it will be 
xioted that for the greater ranges of transmission (83 to 
98 miles) the observations obtained by night differ 
gfreatly in several respects from those obtained by day. 
In tiae first case, whereas practically all the readings 
-obtained in the daytime were marked reliable, only a 
few being missed due to interference, a large proportion 
of the night readings obtained were classed as unreliable, 
due principally to the flatness of the minima. Secondly, 
-the variations in observed bearings at night were very 
much more noticeable than in the day, the extreme 
magnitude of these being 66® by night as against 4*6® 
T^y day. Thirdly, in a large proportion of cases bearing 
observations were impossible at night, due either to the 
extreme flatness of the minimum signal or to the 
rapidity with which the apparent bearing was wandering 
about. For example, of the transmissions from Ted¬ 
dington observed at Orford, in 69-6 per cent of cases 
no definite indication of the bearing could be obtained 
during the period of the special signal (1| minutes) 
-whereas perfectly good bearings were being obtained 
on the same transmissions at Slough. At the latter 
station bearing observations on Orford were impossible 
in 34-2 per cent of cases, due to the prevailing night- 
effect conditions. These phenomena were experienced 
nearly every night and the extreme cases were quite 
frequently encountered in which no variation in signal 
strength was experienced for a complete rotation of 
the goniometer search coil, this signal at night often 
being much stronger than that observable in the day¬ 
time in the maximum position. 

When it was realized that the accuracy of the results 
obtained in transmission from the ships was of a high 
order, several weeks* observations were earned out at 
Orford on the coast transmitting stations which, with 
the exception of North Foreland, are^ on an open sea 
path from the direction-finding station. The majority 
of these observations were made on the 600-m wave, 
and a summary of the results is only given in Table 6 

tor comparison purposes. ^ , -i. 

Although North Foreland is the nearest of the 
stations the path of the waves to Orford sc^cely comes 
within the scope of the term open sea,** since it mvolyes 
considerable tracts of sandbanks at the mouth of the 
Thames. For practical purposes the transmission is 
therefore over land for a portion of the distance and ^ 
a result it is seen that while a maximum error of 10* 4. 



Scheveningen • 600 * 117 Night 62 39 88-1 — 1-2 25-0 — 13*1 13 25-0 11 21*1 18 34*6 
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occurs, over 87 per cent of the observed bearings are 
within the 2° limit. The nearest of the remaining 
four stations is over 80 miles from Orford, so that 
although the transmission is entirely over sea the errors 
.in bearings observecf are incfeasingly larger and the 
proportion of those less than 2® in error becomes appre¬ 
ciably less. As the distance becomes greater there is 
an increase in the frequency of the usual night effects 
as shown by the variations in the observed bearings 
and the proportion of observations missed owing to the 
absence of any signal minimum. 

In the case of Scheveningen, at a distance of 117 


minimum all the errors which had previously been 
encountered or suspected. At the invitation of the 
Great Eastern Railway Co., the author was privileged 
to be on board the two ships participating in the test 
to supervise the transmission of the special signals and 
observe the conditfons under which ships' positions 
were determined. Two tests were carried out on return 
journeys to the Hook of Holland and Antwerp respec¬ 
tively. During each of tliese tests, after the first 
communication had been established vrith Orford all 
preliminary wireless procedure was dispensed with, 
and as the ship passed abreast of each of the selected 


Table 6. 


Results obtained in a Special Direction-finding Test made at Orford with 5.5. " St. Denis " on a Return Journey to 
^ Hook of Holland, 16-17 October, 1928. 


- 




Fiom Oiford 



Date 

Time 

Position of ship 

Distance 

True 

bearing 

Observed 

bearing 

Error 

Remarks 

Outward Journey. 


miles 

degs. 

degs. 

degs. 

• 

16/10/23 

2202 

Parkeston Quay 

16-6 

230*5 

230-3* 

— 0*2 ' 


16/10/23 

2254 

Guard Buoy 

160 

228*8 

228-0’* 

- 0*8 

W/T D.F. readings very 

16/10/28 

2303 

Beach End Buoy 

15-0 

222*4 

222-3’* 

- 0*1 

UI10I2Z 

2317 

Cork L.V. t 

12*5 

210*6 

211-0 

+ 0*4 

N good; angles of swing 

16/10/23 

0000 

Shipwash Buoy 

6-5 

143*8t 

143*7 

-i- 0*9 

less than 5® 

16/10/23 

0020 

Shipwash L.V. 

ILO 

117-Ot 

116*6 

— 0*5 


16/10/23 

0102 

0. Gabbard L.V. 

24-0 

101*2 

102*3 

+ 1-1 

\ Unreliable readings; 

16/10/23 

0609 

Maas L.V. 

102*0 

92*0 

92-6 

-|- 0*6 

> minima fiat and angles 

16/10/28 

Inward 

0528 

Tourney. 

Gas Buoy 

108-0 

91*8 

92*6 

-1- 0*7 . 

J of swing 35®-90® 

16/10/23 

2313 

Hook of Holland 

113*0 

93*1 

94*0 

-f- 0*9 

T Unreliable readings; 

16/10/23 

2338 

Gas Buoy 

108:0 

91*8 

92*6 

+ 0*7 

^ minima flat and angles 

16/10/23 

2357 

Maas L.V. 

102*0 

92-0 

92*5 

-1- 0*6 

of swing 25°-60® 

17/10/23 

0344 

0. Gabbard L.V. 

24-0 

108*1 

108*3 

+ 0*2 


17/10/23 

0424 

Shipwash L.V. 

11*0 

116*Of 

116*6 

+ 0*5 

All readings reliable and 

17/10/23 

0442 

Shipwash Buoy 

6*5 

145-Ot 

146*5 

- 0*4 

17/10/23 

0619 

Cork L.V. 

12-5 

211*2 

211*7 

-h 0*5 

>• very good; angles of 

17/10/23 

0632 

Beach End Buoy 

15-0 

221*7 

222*0* 

+ 0*3 

swing less than 6® 

17/10/23 

0543 

Guard Buoy 

16*0 

228*8 

228*0* 

- 0*8 


17/10/23 

0604 

Parkeston Quay 

16-6 

230*6 

♦ 

231*0* 

+ 0*6 



• Wireless bearings corrected by + 8® to compensate for directbn-finding station error. „ t • . 

t Charted bearing corrected by + 2* to compensate for constant error experienced at these positions. J L. V. — Light vessel. 


miles, less than half the observed bearings are within 
the 6® limit of error. 

The observations made on the two wave-lengths of 
jbunkirk, viz. 450 and 600 m, do not show any strik¬ 
ing difference. These results obtained on fixed coast 
stations<^herefore support the conclusion that 80 to 100 
miles is the maximum reliable distance for wireless 
direction-finding when working entirely over sea. 

“ 6. Results of Final Tests. 

With the benefit of the experience gained during the 
experiments above described, two special tests at the 
Orford station were arranged in October and Nov^ber 
1923* in which every effort was made to reduce to the 


marks en route the special signal was transmitted for 
a total period of 1 minute only. By adopting this 
procedure it was possible to reduce to the minimum all 
delay and consequent error due to the motion of the ship. 

On the journey to and. from the Hook of Holland, 
the selected buoys and light vessels fromVhich trans¬ 
missions were made were passed, with one exception, 
within 200 yards and several of them within 100 feet. 
Conditions were as far as possible arranged so that the 
ship passed abreast of the mark at about half-way 
througlx the special signal, but accurate time records 
were kept to enable corrections to be made for the 
drift of the ship during the transmissions, the speed of 
the ship in this test being 18 knots in the open sea. 
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The first observation was talcen during the preliminary 
communication, while the ship was alongside Parkeston 
Quay, and, as in the case of observations on the land 
station at*the Quay, a correction of + 3° is necessary 
to make tlie observed bearing agree with the true value. 
A similar correction was also made for the observations 
taken on tlie ship at two buoys between the Quay and 
the mouth of tlje river. 

In Table 6 a correction of — 2® has also been applied 
to the bearings taken when the ship was passing the 


throughout and, although fine weather was experienced, 
the sky was overcast on the outward journey. An 
average speed of a little over 17 knots was maintained 
by the ship. The route in this ca§e did not lie so close 
to the lighted marks, the distance of which varied up 
to 3 miles. This distance was, however, obtained by 
the "'four-point bearing*' method, using the ship's 
magnetic compass, the distance run being recorded on 
the ship's log. The results obtained are given in 
Table 7 and, as before, corrections have been applied 


Table 7. 


Results obtained in Special Direction-finding Test made at Orford with 5 .s. " Malines " on a Return Journey to 

Antwerp, 12-15 November, 1923. 



Time 

Position of ship 


From Orford 



Date 

Distance 

True bearing 

Observed 

bearing 

Error 

Remarks 

Outward 

12/11/23 

Journey, 

2220 

Parkeston Quay 

miles 

16-5 

degs. 

230-5 

degs. 

230-3* 

degs. 

— 0-2 

1 Reliable D.F. readings; 

12/11/23 

2311 

Cork L.V4 

12-5 

211-0 

211-0 


12/11/23 

2345 

Sunk L.V. 

16-0 

171-8t 

173-0 


> angles of swing less than 

13/11/23 

0003 

Longsand L.V. 

21-5 

160*8 

160*3 


J 

13/11/23 

0039 

GaUoper L.V. 

30-6 

145-3 

146*3 

+ 10 

Flat min. angle of swing 20® 

13/11/23 

0209 

N. Hinder L.V. 

58-0 

127-5 

124-3 

- 3-2 

Reliable reading; angle of 

13/11/23 

0319 

Wandelaar L.V. 

81-0 

126-5 

126-3 

- 0-2 

swing 3® 

Unreliable; angle of swing 
20® 

\Reliable; angles of swing 

13/11/23 

0339 

Wielingen Buoy 

87-0 

123-9 

124-3 

+ 0-4 

13/11/23 

0426 

Flushing 

101-0 

117-3 

117-5 


J 6® to 15® 

Inward 

14/11/23 

Journey, 

2315 

Flushing 

101-OS? 

117-3 

117*5 

+ 0-2 

Reliable; angle of swing 7® 

16/11/23 

0010 

Wielingen Buoy 

87-0 

123-3 

123*7 


16/11/23 

0039 

Wandelaar L.V. 

81-0 

126-3 

126-0 

- 1-3 

I Unreliable readings; angles 

16/11/23 

0145 

N. Hinder L.V. 

58-0 

129-9 

132-5 


I of swing 25® to 40® 

16/11/23 

0310 

Galloper L.V. 

30-5 

145*3 

146-6 


15/11/23 

0348 

Longsand L.V. 

21-5 

160-8 

160-0 



16/11/23 

0403 

Sunk L.V. 

16*0 

171-4t 

172-7 


1 Reliable readings; angles 

15/11/23 

0434 

Cork L.V. 

12-5 

211-0 

210*7 


16/11/23 

0455 

Guard Buoy 

16-0 

228-8 

228-0* 


of swing less than 5® 

16/11/23 

0512 

Parkeston Quay 

! 16-5 

230*5 

b 

I 231-0* 

-h 0*5 



i corrected by + .9“ to compensate for direction-finding station error. 

t Charted bearing corrected by -1- 2® to compensate for constant error experienced at these positions. % L. V.«» Light vessel. 


Shipwash Buoy and light vessel, to compensate for the 
systematic error brought to notice at these positions. 

The results given in Table 6 shov that, assuming 
that the corrections made as above are justifiable, the 
maximum epror of the wireless bearings throughout 
the test is 1*1®, all the remainder being correct to 
within 1®. It is also notable that, altliough in the 
case of the longest ranges employed the readings were 
marked " unreliable " on account of the flatness of the 
signal minima and consequent large angles of swing 
which were necessary to determine the bearings, the 
resulting errors are all less than 1®. 

The test made on the journey to Antwerp "was under 
very similar conditions. A strong wind prevailed 


at the direction-finding station for the sector 220®-240®, 
and also to the charted bearing taken on the Sunk 
light vessel. It would appear from the table that thit? 
correction, applied for the latter case, is scarcely 
sufficient, since the resulting errors are two o{, tie five 
which exceed 1®. The only errors greater than 2® were 
obtained at the N. Hinder light ship, but as this was 
passed at a distance of 3 miles the estimate of the ship's 
position may not have been sufficiently accurate. The 
reading on the outward journey is notable since the 
direction-finding bearing was particularly sharp, the 
minimum being located with a swing of only 1 • 5® fropi 
its mid-position. In this test also, five readings were 
experienced as flat minima and were marked-unreliable. 
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but the resulting errors are again small, thtee of the 
five being less than 1°. 

A summary of the combined results obtained in these 
two tests is given Table 8^ which shows the high 
percentage accuracy of the wireless bearings obtained. 
It is to be observed that throughout these tests the 
usual phenomena of “ wandering bearings'' and “ no 
detectable minimum ** were experienced at Orford on 


of the order of 83 to 98 miles, the evidence supplied 
in Table 4 is sufficient to show that such direction¬ 
finding is practically useless for any navigational purpose 
at nights, when most serious errors are of ver^ frequent 
occurrence. In sonae cases the observing operator is 
able to judge whether the bearing is a good one or not, 
but this judgment does not appear to be sufficiently 
reliable to be used as a working rule, ^he experience 


Table 8. 


Summary of Results obtained at Orford in the Two Special Tests with Ships* Transmissions, 

October and November, 1923. 


Error in bearing 

Reliable observations 

Unreliable observations 

All observations 

Number 

Per cent 

Number 

Percent 

Number 

Per cent 

Up to 1^ 

24 

86-7 

8 

80-0 

32 

84-2 

Up to 2® 

27 

95-4 

9 

90-0 

36 

94-7 

Up to 3® 

27 

96-4 

10 

100-0 

37 

97-4 

Up to 4® 

28 

100-0 

— 

— 

38 

100-0 


the transmissions from Teddington, so that the wireless 
direction-finding conditions on these nights cannot be 
described as being in any way unusual. 

6. Conclusions. 

The accuracy to which wireless direction-finding can 
be carried out has both a practical and scientific interest. 
On the practical side those concerned with the applica¬ 
tion of direction-finding to marine navigation, are 
anxious to know the most serious errors that are likely 
to be met with under various conditions and to know 
also what precautions are necessary to avoid these errors 
or reduce them to the minimum. On the other hand 
there are those who, while not being directly interested 
in the practical side of direction-finding, look to the 
results of its investigation for the shedding of light 
upon the more general problem of the propagation of 
electromagnetic waves over the earth*s surface. It is 
thought that the results of the experiments here described 
will afiord some tangible information of interest to both 
parties. 

The general deductions to be drawn from this investi¬ 
gation may here be given as a condusion to the present 
paper. With radio direction-finding apparatus of the 
type now obtainable for commercial use at a land 
station, the. limiting accuracy of observed bearings 
which is obtainable by highly skilled operators tmder 
the most favourable conditions is of the order of 1®. 
To atfaini such an accuracy careful attention must be 
given to various details of the apparatus, and the 
installation must be calibrated somewhat elaborately 
for any local deviations. When operating over long 
periods of time the above accuracy is only maintained 
throughout both day and night for short ranges of the 
order of 10-16 miles. At greater distances up to about 
200 miles the limit of error increases to about 2® and 
this can be maintained for daylight working only. 
When the tr ansm ission is entirely over land for distances 


of the author and other experimenters has shown that 
these variations and night effects are encountered at 
ranges down to about 30 miles over land. 

yVhexL, however, the transmission is entirely over sea,, 
so as to be well clear of any land effects, the accuracy 
of observed bearings is maintained within the limit of 
2® for night as well as for day working at distances 
approaching 60 miles; and even up to 100 miles over 
90 per cent of bearings are correct within 2®, the limiting 
error under ordinary working conditions being about 4®. 
Such' an accuracy is probably good enough for most 
navigational purposes. The effect of an error of even 
this magnitude can be very much reduced by taking 
several observations at intervals of, say, 6 or 10 minutes* 
The above distances probably indicate the extreme 
ranges for accurate working for, as previously noted in 
the paper, many of the observed readings showed 
distinct signs of the approach of night errors as com¬ 
monly experienced in transmission over land. Also,, 
the results given in Table 6 for transmission from a. 
land station entirely over sea show the errors which 
may be incurred at distances in excess of 80 miles. 

For the successful application of direction-finding to* 
the navigation of ships it is first necessary to obtain a 
good site for the direction-finding station, as free as- 
possible from errors due to local disturbances. This 
latter source of epror is not treated in the present paper, 
but it is well known that such objects as trees, overhead 
wires, cliffs and mountains, etc., produce^ serious dis¬ 
turbances in the neighbourhood of a direction-finding 
station. With satisfactory conditions prevailing at the 
receiver, reliability of observed bearings is secured at 
distances of 60 to 100 miles when the path of trans¬ 
mission's over sea and in a direction well away from 
land and coast lines. 

Should the path of transmission include more than 
about . 16 miles of land, variable errors are likely to be 
encountered at night in addition to the ordinary coastal 
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error at all times. From the results given above it will 
be evident that the taking of check bearings on a fixed 
station transmitting over land affords no indication 
whatever as to the reliability of bearings observed on 
a ship at sea at the same periods. What is usually 
required by the navigator of a ship at sea, however, is 
not a line bearing but a position fix; but, assuming the, 
same error in wireless bearings to be obtainable by two 
or more direction-finding stations, the accuracy to which 
such a position fix can be given by simultaneous 
observations is a matter of mere geometry. The exten¬ 
sion of the present investigation to cover the operation 
of two or more direction-finding stations on the coast 
was not considered suffi.ciently useful to justify the 
expense involved. 

The result of the investigation which is of more 
scientific interest is that the minimum range of trans¬ 
mission for the occurrence of the well-known phenomena 
of night effects on closed loop direction-finders is about 
three times as great over sea as that over land. The 
exact ratio is possibly dependent upon the relative 
’ conductivities of the sea and land, and the resulting 
attenuation accompanying the propagation of the 
electromagnetic waves. While some of the existing 


theories may account for these effects in a qualitative 
manner, experimental evidence is lacking in other 
directions, and a purely theoretical discussion is con¬ 
sidered to be outside the scope of the present paper. 

This investigation was carrieJ out for the Radio 
Research Board under the direction of the Committee 
on Directional Wireless, the members of this Committee 
being as follows:—^Mr. F. E. Smith, C.B.E., F.R.S. 
(Chairman); Mr. F. W. Davey; Mr. C. E. Horton, B.A.; 
Capt. C. T. Hughes, M.C., R.E.; Dr. J. Robinson^ 
M.B.E.; Dr. C. G. Simpson, F.R.S.; Dr. R. L. Smith- 
Rose ; and Mr. O. F. Brown, M.A., B.Sc. (Secretary). 

The author wishes to express his personal indebtedness 
to all members of the staff of the Great Eastern Railway 
Co. concerned in these experiments, for their interest 
and kindly co-operation in the work which was carried 
out entirely in addition to their normal duties.. Grateful • 
acknowledgment is also given of the valuable services 
rendered in various parts of the investigation by the 
following assistants:—Petty Of&cer R. Taylor, and. 
Telegraphists G. A. Willises and D. Connolly, at 
Orford; Messrs. R. H. Barfield, M.Sc., S. R. Chapman, 
B.Sc., and M. G. Bennett, B.Sc., at Slough; and Messrs. 
E. L. Hatcher and A. C. Haxton, at Teddington. 


DISCUSSION ON 

"DIRECTIONS FOR THE STUDY OF VARNISH-PAPER AND VARNISH-FABRIC 

BOARDS AND TUBES.”* 


Dr. H. M. Barlow (communicated) : I am surprised 
to observe that the British Electrical and Allied Indus¬ 
tries Research Association have repeated an error 
which is really inherent to the method employed for 
measuring the internal resistance of these dielectrics. 
Some time ago Mr. H. L. Curtis of the Bureau of Stan¬ 
dards put forward (Bulletin of the Bureau of Standards, 
1914,. vol. 11, p. 369) various tests for determining the 
properties of solid dielectrics, the internal resistance 
being measured by placing the sample between two 
mercury electrodes. The present Report of the Associa¬ 
tion has adopted practically the same procedure. In 
my paper on ** An Investigation of the Friction between 
Sliding Surfaces'' which immediately precedes this 
Report (see page 133), I believe I have established 
beyond doubt that the contact resistance between 
mercury and these so-called semi-conductors is always 
large compared with the true internal body resistance 
of the material. Once the electricity has been trans¬ 
ferred from the electrode to the semi-conductor, it 
passes relatively easily through its mass, and it is the 

• Report of the British Electrical and Allied Industries Research Association 
(see page 100). • 


interface which mainly provides the insulating property.. 
In view of the fact that my original thesis was in the 
hands of the Electrical Research Association in May 
1923, it appears that the fallacy involved in the method 
advocated has not yet been realized, and that the actual 
conditions are not properly understood. The matter* 
seems to me to be very important, both scientifically 
and commercially. I venture to suggest that there are* 
few, if any, switchboard makers who realize that "the 
insulation between the positive and negative busbars, 
is almost, entirely provided by the contacts between 
the fixing bolts and the slate or marble employed. 
sum up, perhaps I may repeat what I said in my recent 
paper: " such materials as slate, red fibre, paxc^n and 
celluloid can only be classed as dielectrics in virtue of 
their high contact resistance, and . . . the true body 
conductivity of these semi-conductors cannot bo 
measured with mercury electrodes." 

Mr. E. B. Wedmore (in reply) : Dr. Barlow, in the 
report to which he refers, demonstrates that with 
certain materials, for instance slate and lithographic 
stone, the surface-resistance phenomena are so large 
as to screen such internal resistance as the material 
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may have, when any attempt is made to investigate 

this resistance by the usual methods. This is a valuable 
-contribution to knowledge on the subject and opens a 
very wide question, but it must not be hastily assumed 
that this same result will be found to be characteristic 
•of poor insulators in general, or that the methods advo¬ 
cated by the Bureau of Standards and by the Electrical 
Research Association serve no useful purpose. At the 
present time these methods are the best known for 
the examination of the resistivity of large and important 
classes of insulating materials. It is as yet too soon 
to define in what classes of material the surface pheno¬ 
mena are so important as to require the use of some 
other method. The validity of the methods advocated 
has been proved over and over again with large numbers 
•of materials, some of good and some of inferior insu¬ 
lating proT^erties, and the Electrical Research Associa¬ 
tion have made it their business to advocate the general 
use of the best known method. Dr. Barlow has indi¬ 
cated that he found similar phenomena in dealing 
with vamish-paper board, red fibre and celluloid, 
but hitherto he has furnished no data on the subject. 
Until further data are available we do not know to 
what extent the surface properties influence the results 
in dealing with these materials. The work of the Elec¬ 
trical Research Association has shown that on the market 
there are examples of these materials very defective in 
insulating properties, and we have, in fact, had examples 
of varnish-paper board which were practically conductors 
at ordinary temperatures. Nevertheless, it has been 
•shown experimentally that by the methods advocated 
we can detect differences in quality between different 
samples of the various materials in question and it has 
yet to be shown that the Association are in error in this 
matter. This can be done only by showing that a 


material which is not suitable for its purpose may be 
approved for use in the industry under the methods 
advocated. This is not a scientific, but a practical point. 
Revolutions in practice may arise out of scientific 
discoveries, but much spade work is required to bring 
them about. Further research will no doubt result in 
the development of a method of testing the surface 
properties and isolating them, but no ope is yet in a 
position to offer a test for this purpose suitable for 
general use. Developments on these lines may intro¬ 
duce some revolutionary changes, but if one takes the 
extreme case of slate, I cannot see that any change in 
practice is in prospect. The switchboard manufacturer 
knows from long experience that the electric strength 
of slate is adequate, but that the insulation resistance is 
low and an uncertain quantity. In the relatively few cases 
where high insulation resistance is required he obt^s 
it by bushing the holes. Dr. Barlow's observations 
do not point to any change of practice in this connection, 
and if any change were indicated it is likely that the 
research would have to be repeated employing materials 
as used in the industry, i.e. not wetted prior to test. 
Every research undertaken by the Electrical Research 
Association on insulating materials has produced new 
evidence of the urgent necessity of making a scientific 
attack on the whole subject of dielectrics, as the observed 
phenomena of resistivity and electric strength are full of 
anomalies. The importance of the subject is shown 
by the fact that the insulation repair bill of the elec¬ 
trical industry is of the order of one million pounds per 
annum. To deal with this problem at all adequately 
will require much larger funds than have hitherto been 
available, but there is no doubt that the provision 
of such funds would be a very good investment by the 
electrical industry. 
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SOME FACTORS AFFECTING THE WORKING COSTS Ot SMALL ELECTRIC 

generating sets* 

By E. G. Kennard, Associate Member. 

{Paper first received 28M December, 1923, and in final Jorm Uth March, 1924.) 

Summary. | various sources, and should therefore be representative 

of modem practice. 

The brake thermal efficiency is calculated from the 
total number of therms in the fuel consumed per hour 
at full load by the engine, and from the brake horse¬ 
power at full load, from which, calculating frpm Joule's 
mechanical equivalent of heat, the value 0*0264 therm 
per b.h.p.-hour is obtained. 


The paper is intended to show how the working costs per 
unit of electricity are influenced by various factors, viz. 
type of engine, nature and magnitude of load, pnce and 
caloriflc value of fuels. 

Internal-combustion engines only have been coMidered, 
as these are practically the only types in use for small moder n 
plants. 


Table of Contents. 

(1) Introduction. . 4 .-^ 

(2) Summary of tests on small mtemal-combustion 

engines. . , 

(3) Comparison of the thermal efficiencies of various 

types of engine. 

(4) Full-load running costs of various sets. 

(6) The effect of load factor on working cost. 

(6) The influence of a domestic heating and cookmg 

load. 

(7) The utilization of waste heat from the engine. 

(1) Introduction. 

Although many papers and technical articles dealing 
with the economical generation of electricity on a large 
scale have been published, the question of costs for 
email lighting and power plants has not received the 
amount of attention it deserves, considering the m^y 
t ho n mudg of these sets there are in use. The author 
has consequmitly endeavoured to give comparisons of 
costs for generating current, using various ^es of small 
internal-combustion engines under various working 

conditions. , . • 

special attention has been given to tiie several causes 
which influence the thermal efficiency of internal- 
combustion engines, and. although this subject w 
proper to the Add of mechanical engineermg. the data 
riv^ should be of use to electrical engineers in design- 
ffig new plants, and also in the improvement of working 
costs for existing ones. 

(2) Summary of Tests on Small Internal-combustion 
Engines. 

In Table I a summary is given of published tests on 
small internal-combustion engines adapted to work 
with various fuels. These have been selected from 

♦ The Papers Committee invite written communications (with a view to 

Se Se^J^of toe Institution not later than one month after publication of 
toe paper to which they rdate. 


(3) Comparison of Thermal Efficiences of Various 
Types of Engine. 

In Fig. 1 the brake thermal efficiencies for the various 
types of engine have been plotted from the values given 
in Table 1. It will be observed that efficiencies vary 
considerably for various types and rated outputs, 
the lowest value being 14 per cent for a high¬ 
speed petrol engiue, and the highest value 32 per cent 
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Fig. 1,—Full-load brake thermal efficiency of internal- 
combustion. engines, 

for the latest pattern of crude-oil engine (airless injed^n 
type). These differ from the Diesel pattern in -foe 
respect that pure air only is compressed up to^i^tion 
temperature, and the oil charge is hot mtro4uced untti 
the exact mtoment for the explosion. It will be noticed 
that these engines axe not obtainable in ratings of Iras 
than 16 b.h.p. The town-gas engine comra next in 
order of efficiency, a good curve being obtained which 
drops rapidly below 6 b.h.p. The Diesd type of crude- 
oil engine takes the next place, and is seen to compare 
favourably with the town-gas engine. Here agmn tijrae 
axe not manufactured in small sizes much below 
20 b.h.p. The nfxt curve in order of efficiency is for 
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fhft ordiii 3 xy oil engine which, burns pojafiin or kerosene 
as fuel. These engines axe made in two general 
patterns:— 

{a) Using an extenSal vaporiser. 

(&) Vaporization obtained by spraying into a heated 
chamber extension of the cylinder. 

Fig. 1 shows the efficiency curves for class (&), which 
are of higher efficiency than class (a), these being of the 
same order as for petrol engines. The next curve gives 


Calorific value of explosive mixture. 

Degree of compression employed. 

Temperature of explosive charge. 

Temperature of cooling water. 

Mechanical efficiency of engine. 

Degree of combustion. 

Dimensions of engine cylinder. 

Some properties of the various fuels used for the 
engines considered have been obtained, and are given m 
Table 2. 


Table 1. 

Tests hy Various Authorities o% Internal'^combustion Engines. 


r* 

Type of engine 

Rated 1 

Heat consumption, therms per hour 

III 

•M 0) 

1 Mechanical 1 

efficiency 

Power 

Speed 

?^oload 

iload 

^load 

iload 

Full load 


2-6 

r.p.in. 

300 

0*07 


0*22 

_ 

0*27 

% 

23*5 



6-2 

260 

— 

— 

— 

— 

— 

26*7 

84 

y •] 

Town gas - 

21 

200 

— 

— 

— 

— 

1*88 

28*3 

85 

j 

28 

190 

0*45 

0*87 

1*4 

— 

2-38 

29-8 




53 

166 


— 

— 

— 

4*52 

29*8 

86 



8 

230 

_ 

— 

0*93 

— 

1*5 

14 

— 

\ 


20 

190 

— 

— 

2*25 

— 

3*3 

15*6 

— 

j 

Producer ^ 

40 

— 

— 

— 

— 

— 

6*0 

17 



gas 

45 

200 

— 

— 

— 

— 

7*6 

15 

— 

{ 


55 

160 

_ 

_ 


_ 

8*1 

17*2 

— 


2-5 

1270 


— 

— 

— 

0*396 

16*0 

80 


19 

985 

_ 

— 

— 

— 

2*72 

17*8 

85 } 

Petrol 

33-5 

985 

— 

— 

— 

— 

4*05 

21 

86 1 

(4-cycle) 

42*5 

55 

985 

985 

— 


— 


4*9 

5*63 

22 

24*8 

86 f 
86 1 


20 

1000 

— 

— 

— 

— 

2*64 

19*3 

— 

- 


^ 5*3 

220 

0»2 

— 

0*66 

— 

0*90 

16 

— 

'1 

Paraffin < 

1 10 

260 

0*51 

- 

0*75 


1*25 

20*3 

■ 

18 

220 

0-74 

— 

1*14 

— 

2*25 

21 

- 

- H 


32 

230 


■■ 

—— 

— 

3.* 60 

22*6 

- J 


19*6 

172 

■ 


- - 


■ — 

25*2 

76 

r 

Crude oiU 

35 

180 

1*38 

1*53 

2*1 

2*7 

‘3*4 

r 28*9 

76*0| 


80 

160 

1*44 

2*74 

4*0 

5*3 

6-6 

30*4 

78-3 


15 

300 

_ 

— 

— 

— 

1*3 

29*3 

- 

- 


38 

250 

0*675 

1*17 

1*59 

2*21 

2*9 

33*3 

— 



Authority for test figures 


Remarks 


---- 

Society's tests (1906) 

“ Industrial India," 
vol. 1, BO. 7. 


Messrs.White & Poppe's 
tests, from Clerk & 
Burls’s book 

Test due to Wimpcris 
Fielding & Platt 


Clerk & Burls 


Schroter at Augeburg 
H. A. Clark for Harro¬ 
gate Corporation 
M. Ade Clark at Ghent 
Captain Sankey for the 
Euston Engine Co. 


Anthracite 

fuel 

Coke fuel 
•Wood refuse 
Coke fuel 


}■ 


Average of 
tests on 192 
engines 


Described in 
The Gas, 
Petror and 
Oil Engine " 
(vol. 2), by 
Messrs.Clerk 
. & Burls 


} 


Diesel pattern 

" Airless In¬ 
jection ** typo 


th'e efficiency for high-speed petrol engines. It may 
be noted that at low rated horse-powers this curve gives 
approxfim^tely the same values as are obtained for the 
paraffin engine, but the increase in efficiency is not so 
marked when larger outputs are reached. The last 
curve is for engines driven by producer gas. In general, 
the actual thermal efficiencies are only slightly lower 
than those of the gas engine, hut the values shown in 
the figure include the producer losses. 

$ome causes of variation in thermal efficiency .—^The 
main factors affecting engine efficiency are:— 


It is evident that in no sense is the thermal efficiency 
of an engine proportional to the calorific value of the 
fuel used. 

Item 6.—^The values for the gaseous fuels were obtained 
from a table given in Clerk's book, '' The Gas, Petrol 
and Oil Engine " (vol. 1), and the values for the hydro¬ 
carbon fuels were calculated. 

Item 6l?—It will be noted that although there is such 
a wide variation in the calorific value per cubic foot 
of gaseous vapours, there is relatively little difference 
between various explosive mixtures of gas and air, and 
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it wiU be seen that a fuel having a high calorific value 
:req.uires a large amount of air, and vice versa, so that 
too much importance need not be attached to calorific 
values of fuel in connection with thermal efficiency. 
It is found in practice that the proportion of fuel and 
.air in the mixture required to obtain maximum power 
does not coincide with the correct mixture for maximum 
thermal efficiency. The figures given below for gas 
engines are due to Prof. Hopkinson. His tests on a 
•32 h.p. engine using town gas show :— 

Weak Strong 

mixture mixture 

Calorific value (B.TI 1 .U. per cub. ft.) 48 63 

Indicated h.p. .. • • ..39*3 46 

indicated thermal efiiciency .. 37 % 33 % 

With weaker mixtures than that shown above it 
was found difficult to fire the charge regularly. 


tent igniting at the lower temperatures. It is necessary 
to allow a large margin of safety, partly because pre¬ 
ignition is also caused by particles of hot carbon inside 
the cylinder. 

Correct temperature fo^r the cdbling water ,—If the 
cylinder is kept too cool the exploded gases lose heat 
too rapidly, causing a reduction in the mean effective 
pressure. If kept too hot the volumetric efficiency is 
affected, resulting in a reduced charge of mixture, but 
the pumping losses are also lower. The effect of cooling- 
water temperature on the pumping loss has been 
measured by Prof. Hopkinson on a 40 h.p. gas engine 
at 180 r.p.m., and he found that with normal lubrication 
the mechanical loss was reduced from 6 h.p. to 4f h.p. 
by increasing the temperature of the jacket water from 
70*^ F. to 180® F. This point has also been investigated 
by-Mr. Morse in the form of tests on a 14 h.p. ^cylinder 
Daimler motor.* The higher relative heat consumption 


Table 2. 

Properties of Fuels, 



Town gas 

Coke producer 
gas 

Crude oil 

Petrol vapour 

Paraffin vapour 

Calorific value (net), B.Th.U. per lb. 

Present price per lb. .. 

Price per therm . 

Calorific value, B.Th.U. per cub. ft. of gas . 
Cub. ft. of air per cub. ft. of gas to effect 
combustion .. 

Resultant calorific value of mixture (theo- 

Compression ratios commonly employed .. 
Approximate explosion temperature of 
mixture . 

7“0d.* 

600 

6*0 

83 

64/1 

860“ F. 

0-214d. 

2-14d. 

130 

11 

62 

64/1 

910“ F. 

18 000 
0-485d. 
2-7d. 

14/1 

910“ F. 

18 500 
3-Od. 

16-3d. 

4 660 

49 

93 

44/1 

900“ F. 

19 500 
l-64d. 
8-6d. 

6 450 

63 

102 

4/1 

• 

900“ F. 


f ♦ Price in London at power rate. 


Prof. Watson also arrives at the same conclusion for 


petrol engines f •— 


Ratio of air to petrol .. 
Calorific value ». 

Indicated h.p. 

Indicated thermal efficiency 


Weak 

mixture 

.. 17/1 
.. 83 
., 16-2 
.. 27-6% 


strong 

mixture 

12/1 . 

116 
19-9 
22 - 2 % 


It wUl be noticed that the calorific value of the mixture 

is much higher for the petrol engine. Jhis explains why 

less power is obtained when a petrol engine is worked 
from town gfis. 

Item 7.—Compression values usually employed. 
GeneraUy speaking, thermal efficiencies are increased 
with higher compression. The limit for working com¬ 
pression values depend partly on the temperature at 
which pre-ignition is liable to take place. , ■ 

lum 8 —This shows the probable ignition temperatures 
for the T^ous fuels, those with a large hydrogen con- 

t ProceeMitts of Ot JiaUfuHon of AtilomdMo EngiHem, 1908-9,' 'Vpl. 8, 


at no load in his tests shown below is due to greater 
mechanical losses. 



Full load 

Half load 

•Speed, r,p.m. .. • • 

Brake horse-power 
Friction, horse-power .. 
Pumping loss, horse-power 
Indicated horse-power .. 

720 

14-6 

0-74 

0-36 

16*6 

720 

7-4 

0-74 

0*68 

8*72 


light load 


720 

0-6 

0-74 

1- 46 

2- 79, 


This increase in pumping loss at light load, vras shown 
to be due partly to throttling and partly to the lower 
temperature of cooling ■water, ike contraction of the 

cylinder causing higher friction loss. 

These tests confirm the general opinion amongst 
engine experts that it is more efficient to keep the 
cylinders at about 150“ F. for small engines. 

. Procudings fho InsUtutUm of AutomobOe BfigiMors, 1908-9, voL 8, 
p. 274. 
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We may sum up the various causes which affect 
engine ejSiciency as follows :— 

{a) It is found that within certain limits the thermal 
efficiency decreases with an increase in the calorific 
value of the mixture (probalSly due to imperfect com¬ 
bustion), and indicated power increases with the calorific 
value of the mixture. 

(&) Up to a certain point higher compression gives 
higher efficiency, but the gain due to higher compression 
is sometimes nullified by increased heat loss due to the 
greater ratio of surface to volume in the compression 
chamber. The best degree of compression depends also 
on the fuel employed. 

(c) An increase in temperature reduces the weight 
of the entering charge, affecting tlie thermal efficiency. 
In some types of engines (such as paraffin or petrol) 
initial he;^t is, however, required to vaporize the fuel. 

{d) An increase in cylinder dimensions gives a higher 
thermal efficiency; a high-speed engine with two or 
more cylinders is, therefore, less efficient than an engine 
of .similar power having one cylinder (see Callendax^s 
formula given below). 

(e) Raising the cooling-water temperature tends to 
increase the efficiency, as shown by the test previously 
referred to. 

(/) Mechanical efficiencies also vary considerably in 
various types of engines. 

Thus the variation in thermal efficiency for the engines 
shown in Fig. 1 is accounted for. In^ addition, with 
petrol or paraffin engines a very careful adjustment 
of mixture is required to effect complete combustion, 
otherwise unbumt gases find their way into the exhaust. 
Tests on 12 motor-car engines, carried out by the Royal 
Automobile Club in 1907, showed 2 per cent and upwards 
of carbon monoxide (an explosive gas) present in the 
exhaust gases. 

(4) Full-load Running Costs of Generating Sets. 

It will be noticed from Table 1 that there are very 
few test-figures of engines below 6 h.p. In order to 
fix some values for thermal efficiency of low-power 
engines the portion of the curve for town-gas engines 
below 6 h.p. has been calculated from Prof. Callendar’s 
formula: 

Thermal efficiency = 0*76 £7 (1 — l/D) 

where air standard efficiency at desired com¬ 

pression, 

D = cylinder diameter, in inches. 

^ Makers of generating sets have found it advisable 
to allow a certain margin of excess engine power 
over dynamo output; for example, one finds a 4 kW 
dynamo'^coupled to an 8 h.p. engine. Assuming the 
d 3 niamo to be of 82 per cent efficiency this gives a loss 
of 960 watts at full load. Allowing 6 per cent for belt 
or transmission loss this gives a further loss of 260 watts, 
making a total power of 6 200 watts, or an equivalent 
of 7 h.p., thus leaving a margin of 1 h.p. On this basis 
the running costs in pence per unit have been worked 
out, for different types of engines and. sets, at the prices 
of fuel shown in Table 2, and the results are plotted 


in Fig. 2. It will be observed that producer-gas sets 
and crude-oil engines are not obtainable in the smaller 
output, nor are paraffin engines of the non-vaporizer 
type below 2 h.p. Five per cent has been added to the 
fuel costs to allow for lubricating oil and water, except 
for producer-gas se'fis where 10 per cent has been added, 
as a considerable amount of water is used for the 
scrubbers and is run to waste. No allowance has been 
made for wages for running the plant. Small plants 
do not require very much attention during normal 
running periods, and are often attended to by the owners. 
The costs of maintenance repairs is included later under 
capital charges. It will be seen that town-gas sets are 
much more economical for outputs up to 4 kW than 
are either petrol or paraffin sets, the running costs for 
petrol and town-gas sets being in the ratio of 3 : 1, with 
town gas at 7d. per therm. 

The difference between producer-gas and crude 
oil for larger sets is not very marked, but the 



ratio of costs as between petrol and crude-oil sets is 
approximately 10 * 1; the petrol set labours under two 
great disadvantages, namely, low thermal efficiency and 
high price of fuel. 

•When it is realized that all these internal-combustion 
engines are, broadly speaking, of the same type, the 
difference in the running costs is remarkable. 

(6) Effect of Load Factor on Working Costs. 

The above figures are not, however, a reliable guide 
to the choice of g. generating set unless they are taken 
in conjunction with considerations of load factor and 
capital outlay. Some representative costq for engines, 
dynamos and necessary switchgear have been obtained 
for the various types of sets. It may be stated that 
wide variations in price are-^found on comparing several 
makers* lists; the prices selected, however, represent 
plant oj the best quality. Owing to lack of space the 
author has not included the various items, but, as a 
convenient basis for subsequent working, the total 
charges for each ty^pe of set have been reduced to 
pence per i^nit at 10 per cent load factor. Ten per 
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cent per annum on the total outlay has been ^o^ 
to cover capital and maintenance charges, and the load 
factor is based on the rated output of the set working 
continuously throughout the year. .. , ' j 

For plants working on lighting load only, the load 
factor ranges from 7 per cent to 12-fi per cent according 
to the requirements of the consumer. Taking 10 per 
cent as an average figure, the following standing charges 
in pence per unit generated are obtained : 


Rated output 

» ikW 

2kW 

8kW 

82 kW 

Petrol plant .. 
Paraffin plant.. 
Town-gas plant 
Producer plant. 
Crude-oil plant. 

per unit 

3 16d. 

3-6d. 

per unit 

l-35d. 

l-66d. 

l-67d. 

I>er unit 

0-76d. 
1-Od. 
0-93d. 
l-78d. 
l*3d. . 

per unit 

0-60d. 

o-eed. 

0-63d. 

0-86d. 

0-8d. 


These figures indicate the importance of taking capil^ 
charges into account, especially in the case of small sets 
worMng at low load factor. 

Only in exceptional circumstances are lighting plants 
required to furnish current to light all the lamps con¬ 
tinuously connected to the circuit, and in the majority 
of cases the load varies considerably. If a. stor^e 
battery be used, the load may be equalized during 
lighting hours by charging the battery in paraJla with 
the lamps. The effect on the total working cost of using 
a storage battery has been investigated, but mere are 
many variable factors to be considered and it is not 
possible to include the material in the prraent paper. 
The results point to the conclusion that if client is 
required only during the normal period of lightog ^ 
evening, the addition of a storage battery to e p an 
will not enable working costs to be reduced very > 
as the increased capital charges for the battery 
considerable losses which occur in charging tend to offset 
the gain due to working the engine at its inost effiment 
load. If, therefore, sets are used for lighting mthout 
storage batteries, before the working coste c^ j < ^ 
mated it is necessary to know not oidy 
but also the average load on the set. M the 
lighting period throughout the year be t^en to extwd 
from dusk until 11 p.m. each evening, the to^ 
of lighting hours per year will be approxnnately 1 620. 
r^ i riiiating on a basis of 10 per cent load factor ioi 
li ghting sets the average load is 

. kW X 8 670 hours ^ 5 ^ load 

10 X 1 620 

To get an accurate idea of the normal runnmg crat 
for a Ughtirfg plant, it is necessary to know how the 

fuel consumption varies with the load. - ^ 

Fuel consumption of engines at vanom loads.^me 
figures from various published tests are shown m TaWe 1. 
H the fuel consumption at different loads 
is investing to note tiiatin most cases the pom* will he 
in practically a straight line betw^n 0*^®-*!'^“^“ ^ 
full but at no load there is a tendency for ^e 
^Th. 

VoL. 62. 


is considerable, and if it is expressed asfe percentage of 
the fuU-load heat consumption it ranges from 33 per 
cent for a 1 h.p. engine down to 22 per cent for a 60 h.p. 
engine. Taking proportional values for these no-load 
figures at intermediate engine sizeji, and given the full¬ 
load brake thermal efficiency of an engine, an approxi¬ 
mate value can be determined for the heat consumption 
at intermediate loads by plotting no-load and full-load 
values and joining the two points by a straight line. 

In the case of electric generating sets the engine is 
never actually working on no load, as it has to provide 
for the constant losses of a fully-excited dynamo, and 
also the belt or transmission losses. This may cause 
the no-load consumption to be considerable, especially 
in the smaller sizes where the d 3 mamo efficiency is 
comparatively low. Having made allowance for these 
extra losses some figures are given below for the number 
of therms consumed per hour by the engine a^the loads 
indicated, using town gas as fuel. 


kW output 

No bad 

Half bad 

FuU load 

i 

0*055 

0*096 

0*136 

1 

0*090 

0-160 

0*210 

2 

0*14 

0*260 

0*370 

4 

0*24 

0*460 

0*670 

1 8 

0*40 

0*860 

1*26 

16 

0*70 

1*60 

2*40 

32 

1*3 

3*0 

4*60 


A study of these figures enables the following com¬ 
parisons to be made:— 

(1) The heat consumed at no load varies from 40 per 
cent of the full-load value in the J iW size, 
to 29 per cent in the 32 kW size. 

> (2) The heat consumption of any set at no load is 
approximately equal to the half-load consump¬ 
tion of a smaller set of one-half the rated 
output. 

(3) The same amount of gas required to operate a 
set at fuU load wiU give approximately half the 
amount of electrical energy if a set of twice 
: the rated output is used. 

' To get economical results, therefore, it is important 
not to have a larger set than is necessary and also to 
avoid running on very light loads for long periods. 

Fig. 3 shows the (total capital running) costs at 10 per 
cent load factor for various types of sets. These values 
ate based on the running costs for each type operating 
at one-half the rated load, and therefore represent with 
fair accuracy the average price of current per u»it. The 
addition of a storage battery would not influence these 
costs to any great extent, because the extra capital coste 
and battery losses would be balanced by the improved 
economy due to the higher average load on the generating 
set. 

Some interestmg conclusions may be drawn from 
results. In a country district where town gas is 
not available, a small lighting set of ^ kW capacity 
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supflUes craxeilb at a total cost of Is. per unit, ^er 
costs are obtained for petrol, with a 1 kW set at lOd. per 
unit, or 7d. per unit using a low-speed paraffin engine. 
Using engines driven by town gas, J kW to 1 kW output 
costs from 6d. to per unii;, a figure which compax^ 
favourably with the charges made by electric supply 
authorities. 

The costs for sets worked by producer gas, at tne 





than town-gas sets (at 7d. per thexm) above a load 
f^tor of 16 per cent, also th^ below 2 per cent load 
factor they are less economical than petrol sets. Light¬ 
ing loads in this country for sets constantly in use would 
rarely have a load factor of less than 5 per cent, and 
below that value w#uld indicate work of an intermittent 
character, such as is performed by portable sets, and 
here the petrol set is seen to its best advantage. 

(6) The Influence of a Domestic Heatino and 
Cooking Load. 

If the plant be utilized for cooking and domestic 
apparatus an improvement in load factor is possible, 
and in this connection reference may be made to some 
experiments of the Glasgow Corporation described ♦ 


^0^5-i 34 68^ 10 15 20 30 

Rated output, in. kW 

Fig, 3 .—^Total costs pe^r kWh, based on 10 per pent load 
factor and an average load of one-half the rated output. 

present price of coke and anthracite, show that very 
little is saved by using it instead of town gas, although . 
in some cases it is profitable where wood sawdust or 
chips can be employed. Where the load is sufficiently J 
great td“requife a plant of 8 kW and above, crude-oil 
sets can be used with advantage, the total costs per j 




..1 1-5 2 3 4 6 6 10 15 ZO 30 1 

Load factor, per cent . . 

• Fig. 4.—^Total costs per kWk, using sets of 4 kW rated .. 
capacity at difierent load factors. 


unit being less than 1 * 8d. AH small generating sets used 
for lighting only have the same disadvantage of low load 
factor, resulting in a somewhat high capital charge per 
tinit. 

To show the infiuence of load factors on total working 
costs some curves have been plotted in Fig. 4 for sets 
of 4 kW rated output runuing on fuU load. It will be 
noticed that producer-gas sets are only more economical 


6 8 10 

Rated output, in kW 

■Fig. S.^Tdtal costs per kWh for plants used for lighting, 
heating and cooldng, at a load factor .of 20 per cent. 

by Councillor Denny. Two small houses were fitted 
up as all electric houses, no coal, gas or, form of 
heating other than electricity being used. The appara¬ 
tus installed in each house consisted of ;— 

One 3 kW oven. 

One I kW kettle. 

One 1 kW immersion heater. 

One 3 kW radiator. 

One 1| kW radiator. 

One 1 kW radiator. 

One J kW smoothing iron. 

Total lOJ kW. 

Allowing for J kW of lighting, tins makes a total of 
11 kW connected, or a probable maximum load of 
6 kW. The actual number of units consumed per 
a nnum was 10 620 (average of two houses), and the load 
factor is therefore approximately 20 per cent. If these 
houses were individually supplied from a small plant 
instead of from the ihains, it would be a simple matter 
to arrange for the plant to operate mostly at full load 
without the use of a large storage battery, as variations 
ih load? could be equalized by the thermal storage of 
hot water; 

Fig. 6 shows costs for various types of generating 

‘ ♦ Bkdriad JRwiew, 1920, vol. 86, p. 676. 
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sets at 20 pex cent load factor and worjdng on full 
load. It will be seen that for a 6 kW plant the costs 
per unit axe :— ^ 


Petrol engine 
Paraffin engine .. 
Town-gas engine.. 
Producer-gas engine 


.. 4-6 

.. • .. 2-6 
.. 1*70 
.. 1*46 


As the current for the Glasgow experiment was ob¬ 
tained at the low price of approximately 0-78d. per 
unit, it will be seen from the curves in Fig. 6 that only 
in the producer-gas or crude-oil sets of 20-30 kW would 
an '' all electric house supply be economical where the 
working cost per unit is between 0-8d. and 0-9d. If 
it is proposed to use a plant to furnish current for all 
domestic needs the number of units generated by the 
6 kW plant would be allocated approximately as 
follows :— 

Heating 
Cooking 
Lighting 


Units 
8 000 
2 000 
500 


Total .. .. 10 500 units 

(7) The Utilization of Waste Heat from the 
Engine. 

At the prices of current shown above for a 6 kW set 
it would not be economical to generate electricity for 
heating purposes, but a better plan than this would be 
to use as much as possible of the heat rejected by the 
engine. A study of tests made by some of the authori¬ 
ties referred to in Table 2, indicate that for a 12 h.p. 
engine the heat balance-sheet is approximately as 
follows:— 

Percentage ol total 
heat supplied 

Brake horse-power .. . • • • .. 28 

Heat taken up by cooling water .. . • 28 

Heat taken away by exhaust gases .. .. 32 

Loss in engine bearings and pumping friction 5 
Radiation loss from engine.7 


Total heat.100 

The heat from two of the sources of loss shown above 
is recoverable for domestic purposes, namely the hot 
water from the cooling jacket, and the heated exhaust 
gases, the latter of which will readily transfer the bulk 
of their heat to water in some form of calorimeter. 


If the engine be located close to the house, then 
with suitably lagged pipes a quantity of hot water 
will be available for heating, washing and cleaning 
purposes, a small rotary pump bein^ added if necessary 
to assist the circulation.** As the 12 h.p. engine, at 
approximately full load consumes 1 • 1 therms per hour, 
the total recoverable heat would be 0’ 66 therm. Allow¬ 
ing for one-third of this to be lost, 0*44 therm is 
available for heating purposes, as against 0-3 therm 
delivered as brake horse-power, or, after deducting 
dynamo and driving losses, the useful electrical energy 
is 0 • 22 therm. Thus for every kilowatt-hour ol current 
generated, 2 kWh of heat which otherwise would be 
lost would be recoverable in the form of hot water. It 
would thus be possible to put down a plant to supply 
lighting, power, electrical heat for cooking and hot 
water for heating and domestic purposes, at^quite a 
reasonable cost. 

Out of a total of 10 500 units per annum, 2 500 are 
absorbed by the lamps and cooking apparatus, thus 
releasing the equivalent of 5 000 in hot water. Out of 
the remaining 3 000 units to make the required total 
of 8 000, it would only be necessary to generate 1 000 
electrically. This would be conveniently used by 
electric radiators for topping up purposes. Calcu¬ 
lating the working costs on this basis for a set designed 
to supply lighting, cooking and heating for the 10 500 
units-per-annum house, the electrical load would be 
reduced from 6 kW to 2 kW. It would be necessary 
to include a storage battery for the lighting load, and 
it would be advisable to install one of sufficient 
capacity to carry the greater part of such load. 

The approximate total costs for a set of 2 kW capacity 
using town gas at 7d. per therm and generating 3 600 
units per annum, will be 2 • 2d. per unit. The equivalent 
cost per unit allowing for the use of engine was1;p heat 
will be (2*2d./3) + 16 per cent for extra battery cos-te 
= 0*8d. per unit, corresponding to the ch^ge per unit 
made at Glasgow. Even when it is not desired to install 
a plant of sufficient size for purposes other tlian lighting, 
arrangements could be made to furnish a certain amount 
of hot water according to the output of the set. 

In conclusion, the author desires to draw attention 
to the fact that the figures for working costs are based, 
on prices of fuels obtaining at the time the paper was 
written, and these are subject to some variation from 
time to time, especially in the case of oil fuels. It ^ 
probable, however, that the general conclusions wiU 
not be very much affected unless some very large changes 
in price take place. 
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THE ATItINSON-TYPE REPULSION MACHINE AS A MOTOR AND 

GENERATOR* 


By F. J. Teago 

{Paper first received Hth November/ 192S 
Summary. 

The following notes are the result of experiments made 
by research students, under the direction of the author, 
on a 26-period single-phase Atkinson-type repulsion motor 
in the laboratories of Applied Electricily, Liverpool Univer¬ 
sity. The work involved in preparing Part I was earned 
out by O. J. Crompton, C. G. Ramsay and E. W. Young. 
That entailed in the preparation of Part II was performed 
by T. WT Dann. 

In the first place a vector diagram for the motor, in line 
with the standard diagram for a single-phase series com¬ 
mutator motor, has been developed. It is then shown how, 
by means of brush shifting, the motor may be made to operate 
as a generator. 

It is obvious that regeneration by means of brush shifting 
has limitations in its practical application. To obviate these 
limitations regeneration with a fixed brush-position and a 
reversed field coil was investigated. This was found to be 
a function of the speed and could not be varied independently. 
Finally, by injecting an E.M.F. into the armature short- 
circuit, with fixed brush-position and reversed field, it has 
been found possible to control the amount of power regenerated 
at any given speed. 


Synopsis of Contents, 

Introduction, 

Part I. The vector diagram for the repulsion motor. 
Part W. The effect of brush movement on the vector 
diagram. 

Regeneration by means of brush shifting. 

Regeneration with fixed brushes and a reversed field 
coil. 

Regeneration by means of an E.M.F. injected into 
the short-circuited armature. 

Introduction. 

In the treatment of the graphical representation of 
the action of the simple repulsion motor, it is usual 
to split the single magnetic field of the motor into two 
components, as follows :— 

(а) One component at right angles in space to the 

line along which the armature is split by the 
brushes. This component provides the mag¬ 
netic field with which the armature current 
^ reacts to produce rotation. 

(б) One component coincident in space with the line 

along which the armature is split by the brushes. 
This component induces the current in the 
, . armature which reacts with the magnetic field 

as previously mentioned. 

. • The Papers Committee iavite written oommunicaiions (with a view to 
publication in the Journal if approved by the Committee) on papers published 
In the Journal without being read at a meeting. Communications should reach 
the Secretary of the Institution not later than one month after publication of 
the paper to which they relate. 


, M.Sc., Member. 

i, and in final form, 241% January, 1924.) 

The Atkinson type of repulsion motor is provided 
with two stator windings, and the brush gear can be so set 
that these two windings produce the two hypothetical 
components of a single-field motor. Under these condi¬ 
tions the brushes are said to be in the neutral position. 

In the following notes the vector diagram of such 
a motor is evolved from experimental data, and, since 
the two hypothetical components of the single field 
actually exist in this case, the behaviour of the motor 
is capable of being expressed in terms of these two 
components aiid the results can be checked by actual 
measurements. 

It must be clearly borne in mind that, in these notes, 
it is assumed that the two components of the magnetic 
field are permanently in space quadrature and that forces 
tending to distort this condition are negligibly small. 

Notation. 

The stator winding producing the flux in which the 
armature rotates is termed the field winding, whilst 
that which induces the torque-producing current in th 
armature is termed the transformer winding. 

In the armature, the coils short-circuited by reason 
of the fact that the brushes bridge two neighbouring 
commutator segments are referred to as the auxiliary 
short-circuit, whilst the coils short-circuited by con¬ 
necting the positive brush terminal to the negative 
terminal are termed the mam short-circuit. 

The following symbols are used throughout:— 

s:; total supply voltage. 

Fji = supply voltage on field coil at speed. 

Yq supply voltage on transformer coil at speed. 

Fj./ s=s supply voltage on field coil at standstill. 

Vq, = supply voltage on transformer coU at standstill. 
OjP = flux due to field coil at speed. 

= flux flue to transformer coil at speed. 

= flux due to field coil at standstill. 

== flux due to transformer coil at standstill. 

F/p = main transformer E.M.F. in armature due to 
transformer flux, and is in quadrature with (^Qt . 
Fie == uxain rotational E.M.F. in armature due to field 
flux, and is in time phase with Oj?- 
F^ « main reshltant E.M.F. in armature. 

Ff =5 auxiliary transformer E.M.F. in armature due 
to field flux, and is in quadrature with Oj?'. 

Fy =: auxiliary rotational E.M.F. in armainare due to 
transformer flu:jt, and is in time phase opposition 
to 

e == auxiliary commutation E.M.F. in armature. 

V sAesultant of Vf and s. 

^ supply current to field and transformer coils. 

I A ^ current in main armature short-circuit. 

sss current in auxiliary armature short-circuit. 
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Part I. 

(By O. J. Crompton, C. G. Ramsay and E. W. Young.) 

The Atkinson-type Repulsion Motor. 

In the Atkinson-typc repulsion motor, assume that 
the field flux and rotational directions are as shown 



these vectors are drawn to scale. Thejvector J«»has 
been chosen as a reference and. drawn in a honzontel 
position, and the angles between this vector and the 
others are as indicated and were iheasured on an 
oscillograph of the falling-plate typg.* 

Fig. 3 shows the vector diagram for the motor at a 
speed of 460 r.p.m. Vg, Vp, Vc, I, and Ia axe me^ 
readings and are drawn to scale. Their angles with 
respect to I a were measured on the oscillograph. 

Comparing Figs. 2 and 3 it is noticed that the toe 
phases of the fluxes with respect to I* change comd^ 
ably as the speed changes. This point is dealt with 

‘is also seen that, although the angle betwwn Vp. 
and Vci remains unaltered and relatively small, the angle 
between Fj? and Va is considerable and is a function 
of the speed. 


in Fin. 1. Then the induced armature current must 
bo as shown by tJic outer conductors, and to produce 

thh giittcnt Ite direction o( "5^ 

be m sliown. TUo baolr E.M.F. generated by tire 




rotation ol the ermatur. in the Md flnx is by 

'‘pUsi vftltaffes F*?* Fw' 3jid Fc?' 
at sundstill. ctoents I, and Ja. 

meter readings, as are aiso me ou 


The voltage Vc at etandstill.—As shown in 2. 

Vn> is the vector sum of the component to balance Fy 
wWcL rJ quadrature with the component m 

X, r to balance the resistance drop m the 

triformer coil, and the com^nent in ^ 

I, to balance the leakage-mductance drop m t 

transformer coil. Aonnot be verv large^ 

TTn/ipr these conditions, Fc' cannot oe very x g , 

V CA T7 is small This is so because Fy is produced 
wMch teSe'to the resultant 1.1a ampere-tuml. 
by Oc ^ pj 2, these resultant ampere- 

As can be seen trom ng. 'tv** vnlta^e 

of the standstill values of J, and I,i. 

• The angle between r. ^ ''^e 

nftt he aulte true m cases wowo ^ j ««on the design 
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Tile voliug4i Vc speed .—^The transformer coil 

voltage at any speed is assumed to be made up of :— 

{a) The voltage required to offset the E.M.F. Vr 
generated in the armature at that speed by 
the field flu^ due to the current 1^* 

(b) The standstill value of Vq/ corresponding to the 
current Ig. 

To determine the component (a), the field coil only 
is excited with a current equal to Ig, the main short- 
circuit being open and the armature driven at the 
required speed. If the transformer coil were excited, 
then a transformer E.M.F. would be induced in the 
armature. 

Experimentally it is found that the above method is 
correct {see Fig. 3), and, since must be parallel to 
Vr, this method also provides a means of ascertaining 
the time*phase-angle between Ig and Oj at any speed. 

That Vr is a component part of Vq can be easily 
seen when it is remembered that Fig. 1 shows that Vr 
is a back E.M.F. and would reduce the E.M.F. induced 
by the transformer flux unless Vq had a component to 
offset Vr. 

The voltage V]?f at standstill .—Owing to the relatively 
small number of ampere-tums in the auxiliary short- 





Fig. 4. 


circuit compared with the ampere-turns due to the 
current Ig in the field coil, the fiux Oj*' is more nearly 
in time phase with Ig than is the flux Oc' (see Fig. 2). 
Also, as can be seen, the resultant ampere-turns pro¬ 
ducing Oj' are larger than those producing <^q, This 
tends to make Vt larger than Fy. F,, is made up of 
the component to balance Fj, together with the com- 
ponentetobalMce the resistance and leakage-inductance 
^ops in the field coil, in the same manner as has been 
diescribed in connection with Vgt. 

Owing to the fact that Of' is larger than Oo' and is 
more nearly in time phase with I„ the voltage Fj/ is 
^ger than Vc and is in advance of it, as shown in 
Fig. 2. These conclusions are confirmed by the eicoeri- 
mental data obtained. ^ 

TAe voltage Fj at speed.—Tig. 4 shows the space 
position of the auxiliary short-circuit relative to the 
space positions of and Oo- As u> the case of any 


ordinary drum-wound armature, the auxiliary short- 
circuit is in space quadrature with the field flux, as 
shown. 

The transformer E.M.F. induced by the field flux Oj?*' 
is shown by the outer conductors, and the current 
flowing would tend# to rotate the armature backwards 
by reason of its interaction with the transformer flux Oc?- 

Actually, however, the auxiliary short-circuit is 
driven in the direction shown, since thfe torque due to 
the main short-circuit predominates. Thus the rota¬ 
tional E.M.F. due to the transformer flux Oo is as shown 
by the inner conductors. In Fig. 4, then, Vt and Vr 
act in the same dhection, whereas in Fig. 1 Vt aJid Vr 
act in opposition, and this leads to the conclusion that, 
since in Fig. 3 Vr is* in time phase with Ojp*, then Vr 
in Fig, 6 must be in time phase opposition to '0(7, where 



it is shown together with the commutation E.M.F. which 
is proportional to the current Ij . 

i^ig. 6 also shows v as the resultant of F, and e, and 
that, in a manner similar to tlie case of the transformer 
coil voltage, the speed voltage on the field coil is made 
up of:— 

(а) the voltage required to offset v, and 

(б) the standstill value of Vpf corresponding to the 

current J* 

The General Characteristics of the Repulsion 
Motor. 

The characteristics of the repulsion motor are much 
the same as those of .^e series motor; that is, the 
supply current and torque are maxima at the lowest 
speed. The armature current, however, does not vary 
wth the supply current as it does in the series motor 
but remains sensibly constant at all speeds (see Figs. 2 
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and 3) unless the brushes are displaced from the neutral 
position. This can be explained as follows :— 

Fig. 6 shows the experimentally determined magni¬ 
tudes and time phases of /., and at 450 r.p.m. Fig. 6 
also shows that the armature current can be split 
up into two components which *are practically in 
quadrature with each other. 

One of the componenls ( ~ can be assumed to 
be induced in tfic armature by the transformer ilux 
and to be equal to, except for the magnetizing current, 
live supply current .1^, '^I'his conix^onent, then, behaves 
precisely like Die armature current of a i^lain series 
motor, and the torque is ])roduced by the interaction 
of the current, 1^, and the Held 11 ux (J)/,i. The C(unponent 
//; may be assumed to be produced by V ij, the E.M.F. 
(lue to tlie armature speed in the flux This current 
is in quadratun^ wi th except for a power component 

eipud to its copper loss in the armature; it does not, 
therefore, appear in the supply current and, under these 
conditions, Vji is a pure l)ack E.M.F., exactly as it is 
in the plain series motor and it increases in magnitude 
as the speed of the motor increases. 

Thus as the .speed of the motor increases, the —Tg 
component of /,| decreases as it docs in the case of the 



Fu;. a. ' ICxperinienlally detennined inagniludes of h and hi 
at 450 r.p.ia. 

plain series motor, whilst the I/i component increases 
inucause Vj{ increases, so that the resultant armature 
current 7a tends to remain of constant magnitude and 
Jiiovc more into time phase with 

If, liowever, it is preferred to regard as the torque- 
producing current, then although this current is sensibly 
constant a,t all speeds, it must be remembered that the 
higher the speed the more nearly time quadrature exists 
between and cl)/*. This, in conjunction with this 
decrea.se in with increasing speed, cjxplains why 
the motor has ta .series characteristic, and also why the 
motor fails to race, as the scries motor does on no load.* 
Since the behaviour of the repulsion motor is very 
much like that of the series motor, it is desirable that 
its vector diagram .should Ixi drawn ip line with the 
standard diagratn for th(j .series motor, and this has 
been tlone. 

()ne great advantage of these diagrams (Figs. 2,3 and 5) 
is that the lime phase differences between I), and Vc*f 
and F/,v remain sensibly constant for all values of Ig, 
and this means that the standstill positions of and 
are fixed for all values of tlie supply current.. Thus 
it becomes an easy matter to buikl up the magnitude 

• AltlifjiiKh thv. r» p«ilsir,n inritdr is said to luive asr-rins ch.iracteriatic it must 
not bi' lorKomui tlial llif' spf‘«^rl at no load in liinilrd and that tin* spam of u plain 
•.i rirs motor K imllmilnl, so tliiU tlio rriiulsion motor canimt liavo a pure scries 
(liar>(i;trnstii:. 


T“ 

of which is given by the standstill value of the voltage 
on the transformer coil when taking a current equal to 
the particular current taken by the motor when operating 
at the speed for which thg diagran^is to be drawn. If 
the magnitude and time phase of Vc, the speed value 
of the transformer coil voltage, corresponding to 
this current is also determined, then the rotational 
E.M.F. F/{ becomes a detenninate quantity and, since 
the speed position of must be parallel to Vxt» it 
becomes an easy matter to find the amount of time 
phase-movement in the field flux which that particular 
speed has caused. 

The construction for the field portion of the vector 
diagram is carried out in a similar manner. 

The power factor of the repulsion motor increases 
as the speed increases, and this can be readily seen from 
Idgs. 2, 3 and fi when it is I'emembered that an-^increase 
of speed causes the voltage on the transformer coil to 
increase and approach J^, whilst the field coil voltage 
is affected only slightly. Thus F,^ approaches as tlie 
speed increase.s, and it improves the power factor. 

Part n. 

(By T. W. Dann.) 

Tuic EFFiiCT OF Buusii Movicment when the Motor 
S l’KICD IS Unkjcstrtcted. 

In the vector diagrams developed in Part I the 
brushes are jissumed to be in the neutral position. 
If, with a repulsion motor of the Atkinson type, the 
brushes arc rocked from the neutral, then the speed 
changes as shown in Fig. 7. 

A.S might be expected from Part I, an increase in speed 
is accompanied by an increase in the power factor of 
the motor, whilst a decrease in speed lowers the power 
factor. 

TfiK Effect of Brush Movement on the Vector 
Diagram when the Motor Speed is Artifi¬ 
cially Maintained Constant. 

The ellect of brush movement upon the vector 
diagram for a constant speed of 450 r.p.m. can be seen 
by referring to Fig. 8. 

lierc it is noticed that a backward brush movement 
of two commutator segments increases the power factor 
from 0-707 to 0-934, whilst an equal forward movement 
decreases the power factor to 0 • 358. 

Taking F,s» as the fixed reference vector, these three 
diagrams show that changes greatly both in time 
phase and in magnitude, that although /,i changes in* 
magnitude its time phase-change is only slight,*^ and 
that the other vectors change very little either in time 
phase or magnitude. 

With regard to the voltages F p and F^j it might be 
pointed out that at standstill, for the same amount of 
brush rocking, they vary considerably, so that it is 
the speed which has the effect of maintaining them 
approximately constant. 

It has been shown in Part I that variations in F/^v 

* The power factor of the main short-circuit is practitailly independent of 
the brush position. 
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and Vq are accompanied by corresponding variations 
in the fluxes and Oo> so that in the case under 
consideration it might be assumed that these fluxes 
remain of constant magnitude and time phase with 
respect to Vs, and if the fluxes are constant then the 
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ampere-turns producing them are also constant. With 
respect to the transformer-coil voltage Vc* ^ statement 
such as follows is generaJly true 

If the brushes are moved from the neutral position 
and the speed is artificially maintained constant, then 


The power factor of the motor cannot be improved 
indefinitely by brush rocldng, nor can it be decreased 
below a certain value, because the magnitude and time 
phase of the resultant of and I a. are definitely fixed, 
and this fixes the limiting positions of Ig* 

The variation in Ihe magnitudes of the currents may 
be explained, in general, as follows :— 

As the brushes are rocked backward the speed or 
the motor tends to rise and the increased resisting, 
torque, necessary to maintain the speed normal, 
demands an increased supply current. Similarly, when 
the brushes are rocked forward a decreased supp y 
current is taken. 

Regenerating by Brush Shifting at Constant 
Speed. 

Fig. 8 shows that as the brushes are rocked forward 
the supply current diminishes, and its time lag is 
increased relatively to the supply voltage. 

In the neighbourhood of five segments (46 electrical 
degrees) forward, this time lag becomes 90 degrees 
and the motor stops. If the brushes are moved 
further forward, then, owing to the reversal of the 
current in the armature, the motor reverses. 

If, however, the speed of the motor is mamtamecl 
artificially constant, and in the original direction, then 
as the brushes are moved forward the current passes 
through a minimum value, but continues steadily to 
increase its time lag relatively to 7^, getting gradually 
into phase opposition. 

As soon as the current lags behind the voltage by 



the changes in Ig and Jj. are such that their resultant 
is constant in time phase and magnitude. ^ ^ 

Fig. 8> on the assumption that the variation in the 
magnitude of the angle between Vs and Ia is negligible, 
shows the general truth of the statement. In a similar 
manner it can be shown that the ampere-turns pro- 
duping remain approximately constant. 


more than 90 degrees the power in the circuit rev rses 
and the machine begins to act as a generator. 

Fig. 9 shows how, for a constant speed of 710 r.p.rn,*^ 
the ciitrent, power factor and power vary as the. brushes 
are rocked forward, and Fig. 10 is typical of the vector 
diagram for the machine when operating as a generator 
under these conditions. 
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In a manner similar to that described in the case 
of the motor, the resultant ampere-turns producing 
have to remain constant in time phase and magnitude, 
so that there is a limit to the power factor of regeneration, 
and regeneration at a leading power factor would only 
be possible where the inherent mdtor operation is at 
a leading power factor. 

Regeneration is also possible when the brushes are 
rocked backwaM, but before the generating zone is 
reached in this direction very heavy current values, 
between three and four times the full-load current of 
the motor, are passed through. 

In direct contrast to this, when the brushes are 
rocked forward a minimum value of the current is passed 
through and a rapidly rising power factor is obtained, 
so that regeneration from this side is gradual and 
progressive. 

The rapid rise of the power factor over this part of 
the curve is very marked, and on taking a small overload 



Fig, 9.—^Variation of current, power factor and power with 
change in position of brushes at a constant speed of 
710 r.p.m. 

current it is possible to regenerate the full output of 
the machine. 

Fig. 9 shows that at 710 r.p.m. with the brushes 
7*6 segments forward the machine generates 60 per 
cent of its output as a motor, yet at 9*6 segments 
forward with approximately 14 per cent more current 
it regenerates the full motor output. 

It is therefore possible to obtain regenerated power at 
any speed by merely regulating the position of the 
brushes on the commutator. • 

Regeneration with Fixed Brushes and a Reversed 
Field Coil. 

To avoid moving the brushes in order to cause the 
machine to act as a generator, it was decided to reverse 
the field-coil connections, since a reversed field coil 
corresponds to a brush movement of 90 electrical 

degrees. * , . 

When the field coil is Reversed the machine normally 
reverses its direction of rotation. If, however, the 
rotation is kept in the original direction by means of 
an auxiliary motor, then there is a fairly low critical 
speed, above which the machine acts as a ^nerator 
(c.f. induction generator) having a power factor which 
increases as the speed increases. 

The vector diagram for the machine acting as a 


generator under these conditions at 460 r.p.m. is shown 
by Fig. 10, and the critical speed is the speed at 
which the time phase-angle between Vs and Ig becomes 
90 degrees. 

At 226 r.p.m. the angib ^ (Fig.* 10) has a cosine of 
0*074, which rises to 0* 41 at 460 r.p.m. 



Fig. 10.—^Vector diagram for machine acting as generator at 
460 r.p.m. 

In connection with Fig. 10, it should be remembered : 

That the reversal of the field coil causes a reversal 
of the rotational E.M.F. Vji- 

That a motor E.M.F. is less than its applied P.D., 
whereas a generator E.M.F. is greater than its terminal 
voltage. 

That in the section on brush movement it has been 


Supply 



assumed that the machine changes from a motor to a 
generator when the supply current lags behind the 
supply voltage by more than 90 degrees. Fig. 10, 
therefore, represents generator conditions, because Ig 
lags behind Vs by more than 90 degrees. 

That the field and transformer-coil voltages bear the 
same relative time phase-relationship to their fluxes as 
they do in Fig. 3. 
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It should be -noticed that, at a speed of 450 r.p.m., 
Oo in Fig. 10 is in advance of Ojp, whereas in Fig. 3 it 
lags behind and that this change is due to the time 
phase-change of which is caused by the reversal 
ofF^. ^ ^ 

• The standstill conditions for Fig. 10 are the same as 
for Fig. 2. 



^ Regeneration with the field coil reversed is a very 
simple and convenient matter, but the amount of power 
regenerated at any one speed is a fixed quantity. 

Regeneration with the Injection of an E.M.F. into 
THE Main Short-circuit. 

When the repulsion motor with its field reversed is 
acting as a generator there is no control over the 
amount of power which may be regenerated at any 
particular speed. 


With’the object of-modifying these limiting con¬ 
ditions, the motor was connected up as in Fig. 11- 
The lines A and B were connected across a supply 
and an E.M.F., the phase oF,which might be varied, 
was injected into the armature circuit. 

By suitably varying the magnitude and time phase 
of the E.M.F. injected into the armature it is possible 
to obtain, at any speed, varying amounts of regenerated, 
power. 

The amount of power injected into the armature 
circuit is very small and the machine will regenerate 
160 per cent of its full motor output when the power 
in the auxiliary circuit is 12 per cent of that in the 
main circuit. Fig. 12 shows the variation in regenerated 
power with speed for various auto-transformer tappings 
and for the different types of injection mentioned in 
the subjoined notes. 

The particulars of the curves shown in Fig. 12 are 
as follows:— 


Curve 

Injected 
E.M.F. as 
percentage 
of 7^ 

Time phase-relationship between 
injected E.M.F. and 

Power factor of 
regen erateU 
power at 

450 r.p.m. 

A 

Zero 

_ 

0*410 

B 

5% 

I Phase opposition 

0-336 

C 

' 10% 

Phase opposition 

0-303 

D 

6% 

Quadrature lagging 

0-620 

E 

10% 

Quadrature lagging 

0-663 

F 

30% 

Quadrature lagging 

0-627 


In conclusion, the author wishes to thank Professor 
E. W. Marchant, D.Sc., for the many helpful suggestions 
put forward during the preparation of this paper. 
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Council for the Year 1924-1925. 

The scrutineers appointed at the Annual General 
Meeting on the Sth May, 1924, in connection with the 
ballot to fill the vacancies which will occur in the Council 
on the 30th September next, have reported to the 
President that 506 ballot papers were returned, of 
which 33 were spoiled, and that the result of the ballot 
is as follows :— 

President: Mr. W. B. Woodhouse. 

Vice-Presidents : Mr. S. EversHed and Mr. A. Page. 

Hon, Treasurer : Mr. P. D. Tuckett. 

Ordinary Members of Council: (Members) Mr. W. E. 
Highfield, Mr.'Herbert Jones, Mr. B. Longbottom and 
Mr. E. H.. Shaiighnessy, O.B.E.; (Associate) The 
Viscount Falmouth., 

The ballot on this occasion was purely formal, no 
nominations other than those made by the Council 
having beenireceived,'. 

The Council for The year 1924-1925 will therefore-be 
constituted as follows 

preatbent 

W. B, Woodhouse. 


ipa0t-pre0lbent6* 


A. Siemens. 

Col. R, E. Crompton, C.B, 
Sir Henry Mance. 

J. Swinburne, F.R.S. 

Sir R. T. Glazebrook, K.C.B., 
D.Sc., F.R.S. 

W. M. Mordey. 

S. Z. de Ferranti, D.Sc. 


Sir John Snell. 

C. P. Sparks, C.B.E. 

C. H. Wordingham, C.B.E, 
R. T. Smith. 

LI, B. Atkinson. 

J. S. Highfield. 

F. Gill, O.B.E. 

A. Russell, D.Sc., F.R.S. 


Sir James Devonshire, A. Page. 

K‘B.E. a. a. C. Swinton, F.R.S. 

S. Evershed. 


Ibonorarp JZtcnentct. 

P. D. Tuckett. 


©rbinaru MemhecB of CouudL 


J. W, Beauchamp. 

R. A, Chattock. 

F. W. Crawter. 

Captain J. M. Donaldson, 
M.C. 

D. N. Dunlop. 

K. Edgcumbe. 

The Viscount Falmouth. 
A. F. Harmer. 

W. E. Highfield. 

Herbert Jones. 


B. Longbottom. 

S. W. Melsom. 

G. W. Partridge. 

Col. T. F.*Purves, O.B.E. 
W. R. Rawlings. 

P. Rosling. 

E. H. Shaughnessy, 
O.B.E, 

Prof. W. M. Thornton, 
0,B.E., D.Sc. 


and 

The Chairman and immediate Past-Chairman of each 
Local Centre. 


I,E.E. Regulations for the Electrical Equipment 
of Building’s. 

The Eighth Edition of the I.E.E. Regulations for 
the Electrical Equipment of Buildings,” formerly the 
I.E.E. Wiring Rules,” referred to in the Report of 
the Council for the year 1923-1924 (see page 530) has 
been approved by the Council and copies may be pur¬ 
chased at the offices of the Institution or from the 
publishers, Messrs. E. and F, N. Spon, Ltd., 57, Hay- 
market, London, S.W. 1. at the following prices : 
bound in cloth, Is. 6d. net (or Is. 8d. post free)""; bound 
in paper covers, Is. net (or Is. 2d. post free). 

, In the Report of the Council for the year 1920-1921 
{'Journal 1921, vol. 59, page 348) it was stated 

that the Council proposed to arrange for the draft Rules 
to be discussed at meetings in London and at the Local 
Centres before they were finally issued. The Council 
have, however, been obliged to decide, with regret, that 
this course is ‘ impracticable. It lias proved difficult to 
reach unanimous agreement upon the revised Regula¬ 
tions by a Committee consisting of a very large number 
of members representing diverse interests, and it has 
only been possible b}^ numerous mutual concessions to 
issue a set of Regulations agreed by all these interests. 
The revised Regulations could not therefore at the 
present stage be altered in principle, and for this reason 
in the opinion’ of the Council no useful purpose would 
have been served by an open discussion of the Regula¬ 
tions before their publication. 

Students’ Premiums. 


The following premiums, each of the value of ;^10, 
have been awarded by the Council for papers read 
before the Students' Sections during the past session :— 


Author 

Title of Paper 

Where read 

N. B. Hill 

Alternators for 

Operation on a 
Transmissi o n 
Line ” 

Liverpool 

A. I. Macnaughton 
B,Sc. (Eng.) 

” Some Notes on In¬ 
sulating Papers ” 

Glasgow 

V. Mitchell 

” The Electrical 

Equipment of 
Railways, with 

Special Reference 
to Signalling” 

Bradford 

O, Morduch and 
B. L. Metcalf 

” Electrification 
Schemes in 

Russia ” 

Mahchester 

B. Nuttall 

” Automatic Protec¬ 
tive Apparatus for 
Alternating Cur¬ 
rent Circuits ” 

Manchester 

A. C. Warren, B.Sc. 

” Northolt Radio 
Station ” 

London 
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The Benevolent Fund. 

The following is a list of the Donations and Annual 
Subscriptions recei’sjpd during the period 26 June- 
26 July, 1924 


£ s. d. 

Adcock, F. W, D. (Leigh-on-Sea) .. .. 6 0 

Davie, J. F. (London) . 10 6 

Edgar, F. J. (London) . 10 0 

Evans, G. J (Pont 3 rpridd). 2 6 

General Electric Company, Ltd. (London) 21 0 0 

Gerrard, F. J. (London). 6 0 

Gothard, B. W. (Farnborough, Hants) .. 6 0 

Green, F. W. (Melbourne, Australia) .. 10 6* 

Grover, E. E. (Hexham) .. .. .. 6 0 

Haley, W. E. (Shipley) . 6 0 

Hasdell, J. S. (London) .. .. ., 6 0 

Hirst, H. (London).10 10 0 

Lawson, F. A. (London). 6 0 

Redman, W. (Shipley) . 6 0 

Roberts, A. J. (London). 6 0 

Veale, F. L. (London) . 10 0 

Vignoles, E. B. (Streatley-on-Thames) .. 2 2 0 

Williams, E. (London) . 5 0 

Willson, L. F. (London). 3 6 


* Annual Subscription. 


^.^;^bcessiolls to the Reference Library. 
Starling, S. G. Electricity and magnetism for advanced 
students. 4th ed. 8vo. 618 pp. London, 1924.' 
Stone, P. M. Electricity and its application to auto¬ 
motive vehicles. 8vo. 860 pp. London, 
Strecker, K. Hilfsbuch fUr die Elektrotechnik. Unter’ 
Mitwirkung namhafter Fachnegossen, bearbeiteb. 
und herausgegeben von Dr. K. S. 9e Aufl. 

8vo. 671 pp. Berlin, 1921 
Terrell, T. The law and practice relating to letters* 
patent for inventions. 6th ed., revised by C. Terrell 
and A. JaffA ' 8vo. 645 pp. London, 

Toch6, C. La radiotA6phonie. Preface de M. le* 
G6n6ral Ferric. sm. 4to. 104 pp. Paris, 1922 
Verband Deutscher Elektrotechniker. Regeln 
fur die Bewertung und Priifung von elektrischen 
Maschinen. (R.E.M. 1923). Sonderabdruck aus- 
Vorschriften und Normen des V.D.E., 11. Auflage. 

8vo. 37 pp. Berlin, 1923 

-Vorschriften und Normen des Verbandes Deutscher 

Elektrotechniker. Herausgegeben von dem Genedral- 
sekretariatdes V.D.E, He Aufl. Nach dem Stand'e 
am 31 Dez. 1922. 8vo. 664 pp. Berlin, 1^23^ 
Wade, C. F. A manual of fuel economy. 

8vo. 162 pp. London, 1924 
Walker, M.,- D.So* The control of the speed and 
power factor of induction motors. 

la. 8vo. 161 pp. London, 1924 
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THE FUTURE OF MAIN-LINE ELECTRIFICATION ON BRITISH 

RAILWAYS. 

By Lieut.-Colonel H. E. O’Brien, D.S.O., Member. 

(Paper first received 4<A February, and in final form \Oth March, 1S)21-; read before The Institution 27//i March, before the 
Mersey and North Wales (Liverpool) Centre nth Marche before the North-Western Centre iSih Mann, 
before the North-Eastern Centre 24//j March, and before the South Midland Centre itnd April, 1H24.) 


Summary. 

Extensive main-line electrification has hitherto been con¬ 
sidered to be a rather remote possibility in Great Britain, it 
being supposed that the capital expenditure involved and the 
price of current would be prohibitive. The great superiority 
and simplicity of the electric as compared with the steam 
locomotive as a machine has not been realized. The author 
shows that the probable density of traffic in ton-miles on the 
main railway arteries is so great that the cost of energy, 
including all capital charges, will not be prohibitive, also 
that the cost of the electric locomotives will not be a capital 
charge, and, further, that when the reductions in the cost of 
locomotive operation and maintenance (due to the simple 
construction of the electric locomotive) are taken into 
account, the total cost of locomotive opemtion is substan¬ 
tially less for electricity than for steam. The conclusion is 
that though it has only been possible to base the argument 
on general statistics, the problem merits closer and more 
im.midiate investigation than has hitherto been accorded to it. 

The presentation of another paper on tlois subject 
must be prefaced by an apology from the author for 
presuming again to approach a subject which has been 
dealt with so recently and so ably by other Vriters. 
The matter is, however, of such importance to both 
the railway companies and the electrical industry that 
it is desirable to reiterate the arguments in favour of 
main-line electrification in a form which, it is hoped, will 
appeal as much to railwaymen as to electrical engineers. 

The author hopes to show that:— 

(1) The cost of operating suburban electrical services 
is less than the average cost of the general steam- 
operated services, and very much less than that of a 
steam-operated suburban service; 

(2) The modern electric power station is now able 
to produce electrical energy at such a price that the 
cost of current supplied to an electric locomotive is 
but slightly higher than the cost of coal supplied to 
a steam locomotive; and, finally, 

(3) The design of electric traction motors and control 
equipment has made such advances that the total cost 
of operating electric locomotives is far below the similar 
cost for steam locomotives. 

It is further sought to show how tli© relative density 
of traffic affects the cost of current, and that there 
is strong probability that on the main arteries of traffic 
the density is substantially higher than on the 
suburban lines already electrified. 

An examination of the problem is most conveniently 
divided into two parts: first, the consideration of the 
relative value of the electric locomotive as a tmetor as 
compared with the steam locomotive; and secondly, 
how that value is affected by the cost of electrical 
energy supplied to the electric locomotive in comparison 
with the cost of coal supplied to the steam locomotive. 


Ill effect, the subject should be considered, first, 
from an almost purely railway standpoint, secondly, 
from an almost purely electrical standpoint, and, thirdly, 
in relation to the density of traffic. The solution of 
the question of the economic density of traffic which 
will give an adequate return on the capital expenditure 
involved is the key to the future of the elcctfificatiou 
of British main lines. 

Mr. Roger Smith ♦ has already dealt with the subject, 
using the number of locomotives per mile of track 
as a basis, and Mr. II. Parodi of the Paris-Orleans 
Railway in a recent paper t has also used as a basis the 
coal consumption per mile of track. It appeans to the 
present author, however, that for British conditions 
the subject may be more clearly considered by using 
the cngine-niile as a basis, as this is a figure readily 
obtainable and already considerably used for com¬ 
parative purposes in railway work. 

For the benefit of those unacquainted with railway 
working it may be explained that the engine mileage 
of a system is the actual number of miles run by all 
the steam tractons of that system in a given period 
whether hauling freight, passenger or other trains, or 
without trains. Statistics of engine mileage are pub¬ 
lished in some detail monthly and annually by the 
Ministry of Transport; statistics of train-miles are also 
published, these being engine-miles run in connection 
with the haulage of freight or pa.ssenger trains but 
excluding shunting, light running and trains operated 
for service purposes. 

It is true that the cnginc-milc, though a concrete 
fact, has a somewhat indefinite meaning, inasmuch 
as no value of work done attaches to it. The ton- 
mile is really almost as indefinite in this sense as tlie 
engine-mile, as in both case.s all reference to the time 
factor is omitted. The average time factor or .speed 
of trains can, however, be taken as a constant for any 
English main line, hwt the average w'cight of train, as 
will be seen later, varies somewhat. In considering 
average.s (a method which is forced on the investigator 
by the existing statistical methods of l^nglisli railway.s) 
deductions may, however, be safely drawn as to th 
probability of liighcr values than the average existing, 
when it is known that a large proportion of t|^e whole 
represents lower values—the speed and weight of trains 
on branch lines will obviou.sly be le.s.s than on the main 
line. 

It will be necessary to consider quantitative ligure.s, 
for the essence of the problem is financial, and the 

* des Itififdnieurs Clvils d« France (British Sectiwt), Presidentlul 

Address, 1023-24. * 

t Kleotrification Parttella du Uesean de la Compagnie du Chetnin de 
Per d’Orleans,*' BaUetin de la Soci^td Pran^aise dei Sleetritieiis, scr, 4, vol. 3, 
No. 28. 
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decision whether or not to electrify portions of the 
British main lines will rest with financiers rather than 
with technical experts. 

At the outset it will be convenient to consider in 
some detail the disabilities of the existing method of 
railway haulage by steam in comparison with the 
advantages—and also tlfe limitation of those advantages 
—which are to be gained by a change of method. 

The steam locomotive as it exists to-day is in all 
essentials the machine designed by Stephenson, much 
enlarged and constructed with the improved materials 
now available. 

The design has inherent disadvantages due to the 
constricted space available for the steam generator, 
which entails extraordinary rates of combustion, and 
for the low-speed prime mover, which entails high 
pressure^ on small bearing areas exposed to dirt and 
moisture. The machine is further very susceptible to 
weather conditions and variations in the quality of 
the fuel supply. The principal advantage of the steam 
locomotive lies in the independence of the tractive 
units so that the failure of one has no direct effect on 
the rest, while there is unlimited freedom of movement 
on rails so long as the machine has a supply of coal and 
water. 

The cost of maintenance is therefore high but is 
probably decreasing, though very slowly, due to better 
appreciation by the operating staff of the value of 
close analysis of the causes of failure and by continued 
progress in the quality of the material used in con¬ 
struction. 

The disabilities of the steam tractor may be briefly 
set out as follows :— 

(1) Inability to give continuous service without 

considerable idle intervals. 

(2) ‘"High cost of repairs. 

(3) Low thermal and mechanical efficiency, and small 

range of maximum efficiency. 

(4) Limited tractive capacity per unit. 

(6) High weight per continuous draw-bar horse¬ 
power available. 

(6) Liability to. failure in service. 

(7) Susceptibility to weather conditions. 

(8) Irregularity of turning effort. 

(9) Necessity for operation of each unit by two 

skilled men. 

(10) Rapid increase of haulage cost with inc r ea s ed 

weight and speed of trains, particularly on 

gradients. 

(11) Overload capacity cannot be given instan¬ 

taneously and is limited. 

^ (12) Exact allocation of current costs between various 

classes of traffic. 

The ITmitation on the maximum continuous draw-bar 
capacity in horse-power of the steam tractor, results 
in a general use of the machine at or near its con¬ 
tinuous capacity, and this, combined with the other 
factors previously referred to, is the principal cause 
of the high cost of maintenance. It is a well-known 
phenomenon of railway operation that just as fast as 
the. chief mechanical engineer's department designs 
more powerful machines, so the increased capacity is 


absorbed, or more than absorbed, by the traffic depart¬ 
ment. 

Before entering into the comparative advantages of 
the electric tractor in relation to the above, it is necessary 
to examine very briefly other possible improved forms 
of tractor. 

The turbo-electric locomotive may be quickly dis¬ 
missed : the weight per draw-bar horse-power is much 
higher than that of the steam locomotive, it requires 
more skilled attention, the first cost must be higher 
than that of an electric locomotive and very much 
higher than that of a steam locomotive, and a crew 
of two if not of three men is required. The possible 
advantages are a saving in fuel and, perhaps, reduced 
boiler repairs due to condensate being available for a 
portion of the boiler feed. The straight turbo loco¬ 
motive seems to have more possibilities, but here 
again only a saving in fuel and a possible saving in 
boiler repairs can be offset against increased weight 
and complication. 

The internal-combustion locomotive is still in swad¬ 
dling clothes; suffice it to say that only prolonged* 
and expensive research shared by a large railway com¬ 
pany and a manufacturing firm with ample resources is 
likely to result in the production of a practical tractor 
of 800 to 1 500 draw-bar horse-power capable of con¬ 
tinuous service in tiaffic. If, and when, such a machine 
is produced costing no more than a steam locomotive, 
with a fuel consumption in money value of less than 
half that of the steam tractor, a possibility of multiple 
I operation with a single crew and a demonstrated lower 
cost of repairs, then the electric locomotive will have 
a serious rival. 

The electric locomotive compared purely as a tractor 
with its steam rival, leaving out of account all question 
of the cost of fuel or energy supplied for a given service, 
has the following advantages :— 

(1) Capacity for almost continuous service in traffic. 

(2) Low cost of repairs. 

(3) High tractive capacity per unit. 

(4) Low w’eight per continuous draw-bar horse-pow'er 

available. 

(6) Reliability in service. 

(6) Complete independence of weather conditions. 

^ (7) Even turning effort. 

(8) High mechanical efficiency and large range of 

maximum efficiency. 

(9) Possibility of operation as a unit or in multiple 

by one man. 

(10) Reduction of signal movements and occupation 

of tracks due to elimination of necessity for 
turning«and movements for obtaining coal and 
water and daily visits to sheds. 

(11) Much greater flexibility of wheel base. 

(12) Large overload capacity available* in.stan- 

taneously. . 

The disadvantages are the number of units which 
may b^immobihzed by a failure of energy supply, and 
the dependence of each unit for mobihty on contact 
with the electrical distribution system of the track. 

Ih a nraed system of electric and steam traction a 
further disadvantage is the necessity for changing from 
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steam to electric traction at the terminal points of the 
steam section. The economic length for electrification 
may not coincide with the natural economic length 
of run for a steam locomotive. 

The question of the change of locomotive from steam 
to electric, and vice versa, has an important bearing 
on the financial aspect of main-line electrification. 
While such changes may be almost eliminated when 
a complete scheme of electrification has been carried 
out, the impossibility of dealing with an electrification 
of 1 000 or 1 500 track-miles except by stages, together 
with the fact that in general the maximum economic 
length of run of a steam locomotive is not more than 
160 miles, may necessitate a considerable expenditure 
in the initial stages on temporary accommodation for 
steam locomotives at the temporary termination of 
each stage; nor will the expenditure be confined to 
locomotive housing alone, as accommodation will have 
to be provided temporarily for a large number of staff 
who will be displaced. 

While given the conditions necessary for a successful 
‘electrification, viz. cheap current and requisite density 
of traffic, a limited scheme might not be a financial 
success, at the same time it will be clear that the 
full economies indicated in the paper could not be 
realized if it were necessary to retain a considerable 
percentage of the steam tractors in use with their 
concomitant services for water, coal, cleaning, etc. 

Before considering the probable costs of main-line 
locomotive operation, force will be given to the arguments 
to be used subsequently by a comparison of the costs 
of steam and electric suburban services. 

Suburban services operated at high schedule speeds 
with frequent stops are admittedly more costly to work 
than the average services on the main lines and branches 
of a railway; consequently, if a comparison be made 
between the average cost of operation per steam 
engine-mile on a typical main line and its branches 
and the cost of operation of suburban electrifications, 
the comparison will be of a very conservative nature 
by no means unduly favourable to electrical operation. 

The average mileage per annum per steam Idcbmotive 
ill stock on the largest British system is approximately 
26 000 miles per annum for passenger engines and 
18 300 miles per annum for freight, the average being 
21 100 miles per annum for the whole stock of 10 302 
engines. 

The cost of repairs per engine-mile, which is much 
lower .than the cost of repairs per train-mile, varies on 
the various sections of the railway from 4-6d. to 6- 9d., 
the average being 6-8d. 

It must be borne in mind that t^ese are averages 
and that large numbers of small tank engines and 
freight engines doing comparatively light work are 
included. The average mileage per annum is sub¬ 
stantially less, and the cost of repairs per engine-mile 
is substantially heavier for the passenger and freight 
.engines employed to haul the heavier trains on the 
main trunk .routes, which would be the first to be 
electrified. ^ 

The existing methods of railway accounting do not, 
however, yield in a complete form such figures as would 
enable a definite quantitative statement to be made 


as to the amount by wliich such repairs are higher. 
' These variations in repair costs are mainlj^ due to 
differences in the weight and speed of the trains hauled, 
in the physical characteristics of the section such as 
curves and gradients, anS. in the^purity of the water 
supply, which affects the boiler maintenance. 

The average mileage per afinum per train on the 
various suburban electrifications in Great Britain varies 
from 47 320 miles to 36 296 miles. Tliis mileage per 
electric train per annum really is analogous to the mileage 
per steam locomotive per annum and may be used 
comparatively in considering relative costs. 

The cost of repairs per train-mile varied from 2* Id. 
to 6-Od., the average being 4*18d., the variations in 
this case being due to differences in the design and age 
of the equipment and, to some small extent, to differences 
in the schedule speeds, ^ 

The steam locomotives probably averaged about 
80 tons* weight in working order, and represented a 
present-day lowest market value of about £4 000 each 
and a maximum draw-bar horse-power of probably 800. 
The average steam locomotive of this weight would 
have been quite incapable of performing the electric 
suburban service, and tlie comparison really should b 
with locomotives weighing 120 tons, costing £8 400 
each, and having a maximum draw-bar horse-power of 
1 200 . 

The electric motor-cars, on the other hand, averaged 
about 60 tons for the tractor part of the train equipment 
including the weight of the motor bogies, cost about 
£8 000 per train at present market prices, and had a 
continuous draw-bar horse-power of 1 400. 

Table 1 shows a comparison between 

(1) The average cost of all steam services, passenger, 

freight and shunting, on a typical British 

railway system ; 

(2) The average cost of a high-speed electric passenger 

service; 

(3) The estimated cost of operating the electric 

service by steam. 

This conclusion is confirmed by Sir Philip Daw.son 
in his paper on ** Financial Prospects of Railway 
Electrification ** where a diagram is given showing tho 
relative costs per train-mile for suburban steam, main¬ 
line steam, and suburban electric services, the relative 
costs in 1921 being 61d., 51d., and 42d, per train-milo 
respectively on the London, Brighton and South Coast 
Railway. 

It is therefore evident that, given a certain density 
of traffic, the cost of electric operation of suburban 
trains is markedly lower than the average cost of 
steam operation. 

The above cost of steam-locomotive operation may 
now be compared with the probable cost if electric 
locomotive,s were substituted for main-line work. It 
is obvious on general principles that the result of 
this comparison should be much more favourable to 
electric operation than in the case of suburban traction 
dealt with above. The electrical equipment of the electric 
locomotives as a whole will be much less severely 
stressed on main-line work with comparatively lorfcj 
continuous runs than on the suburban work whore 



"32 


O^BRIEN; THE FUTURE OF MAIN-LINE ELECTRIFICATION ON 


W - 

the frequent stops and high accelerations cause severe 
stresses on motors, control, gears and every other part 
of the equipment. 

Before actually considering these figures it is desir¬ 
able to give a brief comparfson of the weights and 
performances of typical steam and electric locomotives. 

Table 2 gives a compaf-ative statement of the leading 
dimensions for four typical freight and four typical 
passenger steam locomotives and for eight corresponding 
electric locomotives; these locomotives are also illus¬ 
trated in Fig. 1, and some of their comparative speed and 
horse-power curves are shown in Fig. 2. The largest 
steam locomotives, freight and passenger, have not as 

Table 1, 

Comparative Cost of Locomotive Operation of Main-line, 
Electric Suburban and Steam Suburban Services, 


Superintendence 

Wages connected with 
the running of en¬ 
gines 

Fuel or current 
Water 

Lubricants ., 

Other stores .. 
Repairs 
Miscellaneous 


* The 


renet^l* P®** engine-mile includes boiler 

expenses%«^o&^^^ 

maintenance and renewal of machinery and plant Including fools 
oj loco™tiTO^ *’ >>««* «*» expenses and complete renewal 

yet been built, but are the largest practicable within 
the largest load gauge in this country; their range of 
|.ction IS extremely limited owing to the limitations of 
gauge aM steength of bridges on many main lines, 
ihe dectac locomotives are, with one exception, all 
bmlt or building and would conform to the gauge and 
bridge strength of any main line in this country. It will 
be noted that, for the same weight, rather more than a 
60 per cent inmease in the continuous draw-bar horse¬ 
power is available. Tbelatterfact has an important bear¬ 
ing on the cost of accelerating present services. Tests 
made on 600-ton passenger and 640-ton freight trains 
hauledhy two steam locomotives run at average speeds 
over a hue with heavy gradients, well in excess of the 
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Fig. 1.—Comparative diagram of steam and electric locomotives. 
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average booked schedule speeds and yet without in¬ 
crease of maximum speed, showed that-as soon as the 
maximum draw-bar horse-power required exceeded that 
obtainable from oi^e locomotive, the ratio of both 
maximum and mean draw-bar effort to adhesive weight 
became very large. ^ 

The weight of the steam locomotives was nearly 
50 per cent of the weight of the train hauled in the <?ase 
of the passenger train, and 37 per cent in the case 
of the freight train; a slight increase in either weight 
or speed up the gradients would have made these 
hgures 72 per cent and 56 per cent respectively. As 
the maximum draw-bar pull did not exceed from 8 to 9 
tons for the mean speed, an electric locomotive of a 
total weight of 116 tons and 72 adhesive tons available 


of heavy fuel consumption and exceptional wear aitcL 
tear ; with an electric locomotive much better results 
can be obtained. 

Take the case of an up grade of 0-75 per cent 30 
miles in length, an^ a train of 750 tons trailing - 'tlxes 
resistance due to the gradient is 17 lb. per ton, whilst 
the resistance for a goods train at 20 miles per hour 
IS 8 lb. per ton, and at 40 m.p.h. is ,16 lb. per ton, 
the total resistance therefore being 26 lb. per ton and 
32 lb per ton respectively. The train-resistance curves 
on which these and other figures in the paper are based 
are shown in Fig. 6. If the draw-bar horse-power 
required m the first instance is 1 000, in the second 
it IS 2 560, but the time for ascending the gradieni: 
IS 90 minutes in the first instance as compared witla 





i' passenger locomotive (G.N. lUy.), 

Curve 2, fEIectric) 4-8-4 passenger locomotive (L.M. and S Rlv i 

cJSIfl 2* ft ireight locomotive (G.N. Rly.V 

Curve 4. (Electnc) 2-6-G-2 fr^ht locomotive Rly.). ^' 


for traction would have met aU requirements. Th 
necessary draw-bar horse-power can be produced hi 
an el ctric locomotive of this weight. 

The results of these tests are shown in Figs. 3 and 4 
The aggregate maximum draw-bar pull of the tw( 
locomotives used was 27 tons, and the adhesive weigh 
available for traction was 118-6 tons. 

Th5 maximum draw-bar horse-power recorded *ov® 
one minute on the tests was 2 016 in the case of th< 

passenger train 

With the freight tram, excluding gain due to increase ol 
m^mum speed on the level and down hill, the overal] 
time for the 90 miles was reduced by 11 per cent and 
with the passenger train 10 per cent was gained, this 
saving m both cases being due solely to faster uphill 
™ng Su^ faster speeds on up gradients can be 
attained by the steam locomotive only at the expense 


46 minutes in the second. The horse-power-minutes 
are respectively 80 000 and 116 000, the draw-bar pulls 
being 18 760 lb. and 24 000 lb. respectively. Half the 
time is thus saved with an expenditure of only 27 • 8 per 
cent more energy and only 28 per cent increase in 
draw-bar pull. , 

The 760-ton train at 40 m.p.h. on this gradient could 
be dealt with only by a combination of, three steam 
locomotives employing a crew of six men and weighing 
348 tons, or nearly 60 per cent of the weight of the train. 
An el^tric locomotive weighing 116 tons and operated 
by a single man could perform the same duty with ease. 

The gross weight of the steam-hauled train would 
thus be 1 068 tons, whilst that of the electrically hauled 
train would be only 866 tons. Assuming from Lawford 
Fry’s curve that the resistance of the steam locomotive 
is 22 lb. per ton and that the electric locomotive has 
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a resistance of 10 lb, per ton, the gross h.p.-minutes 
for the steam train will be 166 000, as against 130 000 
for the electrically hauled train, i.e. the steam-hauled 
train requires an increased energy input of 27 per 
cent. The cost of the three steam locomotives would 
be about £24 000 and the cost of th^ electric locomotive 
would be about £16 000. On arrival at the end of 
a 90-mile run including this gradient the steam loco¬ 
motives would Iiave to be changed for fresh ones, but 
the electric locomotive would be at once ready for 
another similar run. The electric locomotive would 


field. On this basis in a run of 100 intles containing 
20 miles of 1 in 300 up grade and 20 miles of 1 in 300 
down grade, excluding any gain due to acceleration at 
starting, about 20 minutes could be gained, 10 minutes 
due to 20 per cent highSr speed bn the level and 10 
minutes due to 33^ per cent higher speed on the grade. 
Taking the same comparis<!fti with a 2-8-0 steam 
locomotive, the curves for which are also given, the 
steam-hauled speeds with 1 OOO-ton freight train would 
be 28 m.p.h. on the level and 18 m.p.h. on the grade. 
The same electric locomotive would give 43 m.p.h. on 



Fio. 6.—il^esistancc curves. 

Curve 1, Steam locomotive ami tender (Lavvfortl Fry). 
Curve 2. Goods train-XO ton wagon slock (L. li. X'Vyj. 
Curve 3. Electric iooomotive as a vehicle. 

Curve 4. 435'ton passeiiger-lrain tests (C.M. and S. Kly.). 


be equally efficient when working at the rate of 
3 000 h.p., its one-hour rating, or at 7^0 h.p, if required 
to work a lighter train back, while the steam locomotives 
would be at^a grave disadvantage in this respect. 

Examination of curves given in Mr. Roger Smith’s 
paper oni ** Some Problems of Railway Electrifica¬ 
tion ” shows that the Great Western 4-6-0 steam 
locomotive referred to in this paper would have a speed 
of 65 m.p.h. on the level and 40 m.p.h. on a 1 in 276 
grade with a 600-ton train. The speeds of Sir Vincent 
Raven’s 2-C-2 electric locomotive with the same weight 
of train would be from 66 to 70 m.p.h. on the level and 
47 to 68 m.p.h, on the grade, according to the shunt 


the level with full field and 39 m.p.h. on the grade. 
Even if the 20 miles of grade were continnouH, thi.s 
20 miles would take only 30 minutes and the horsc?- 
power given out by the motors would bo 2 360, nvJucli 
would be within their thermal capacity ^or this 
time. 

The result of experience on suburban line.s of the 
London and North Eastern Railway in this country, 
and on numerous electrified railways elsewhere (si^e 
Appendix 1), shows that the cost of repairs to an 
electric locomotive is from one-third to a quarter of 
that of a steam locomotive per engine-mile; and life 
same reduction in cost occurs in connection with sub- 
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sidiaxy servicefrendered-at steam sheds, such as cleaning, 
coaling, washing•ou^ boilers, etc. 

Owing to the simplicity of construction of the 
electric locomotive and the high degree of excellence 
of manufacture novif attainalSle, it is probable that the 
average mileage obtainable between general repairs to 
the electric equipment Will exceed 200 000 miles. The 
facts that the London and South Western Railway 
on their suburban equipments and the London and North 
Eastern on their freight locomotives have never reAvound 
an armature or field coil during 7 years' operation, and 
that the life of the modern commutator is at least 
750 000 miles, are strong indications that the forecast 
given of the cost of repairs is correct. 

The turning and changing of tyres and axle brasses, 
the renewal of brake blocks and the repairs to auxiliaries 
such as ^vacuum pumps, will be the principal causes 
of an interruption to continuity of service for any 
appreciable period. As neither these nor motor repairs 
will necessitate the return of the locomotive to the main 
repair shops, the capacity of these for steam-locomotive 
repairs will be considerably increased. The truth of 
the assertion is more evident if it be considered that 
90 per cent of the cost of steam-locomotive repairs 
arises from the boiler or from crank axles, wheels 
and frames due to the reciprocating and variable 
stresses imposed on these latter. 

Further, the experience of suburban electric services 
enables it to be said with absolute certainty that an 
electric locomotive can be available for traffic for 
23 hours out of 24, and that a fortnightly examination 
of the electrical equipment will be sufficient. 

The electric locomotive will therefore be capable of 
an annual mileage of 40 000 to 60 000 miles per annum, 
as compared with an average of about 20 000 miles for 
a steam locomotive; • in fact, the mileage possibilities 
are only limited by the traffic requirements and the 
extent to which engine workings Can be arranged to 
permit of continuous service. Universal experience 
indicates that one electric locomotive will at least 
perform the duty of two steam locomotives (see 
Appendix 1). At all times, and especially in foggy 
weather or at night, traffic movement will be greatly 
facilitated by the absence of any necessity for engines 
going out of service for coal, water, cleaning fires, tubes 
and smoke-boxes, or for turning. The liability to failure 
of the electric locomotive is also much less than that 
of the steam locomotive. It may be argued that the free¬ 
dom of units from failure is counterbalanced by the 
possibility of failure of current supply, so that in the 
aggregate the time lost in this respect will be the same 
if not greater. The reliability of the electrical supply 
equipment is, however, so great to-day that the most 
modern suburban electrifications never suffer more 
than momentary interruptions due to circuit breakers 
operating. 

The total cost of enginemen's wages will also be 
substantially reduced. Engine duties which represent 
time during which an engine is not in movement owing 
to its being required by its crew for examination, 
coaling, watering or cleaning fires, etc., account for 
r6 per cent of the enginemen's hours in passenger 
^rvice and 12 per cent in freight service. These 
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engine duties will be to a great extent eHminated wi-fcl^ 
electric locomotives. 

The necessity for double crews on double-head 
trains also disappears, and vnth this from 3 to 6 
cent of the total cost of enginemen's wages. 

The further absAice of any real need for a second 
skilled man on an electric locomotive, at least fpar 
shunting engines and multiple-unit trains, combined 
with the better utilization of the machine which should 
be possible by re-arrangement of the engine workings, 
should enable the total cost of enginemen's wages bo 
be reduced by 33.J per cent. 

Deahng with the remaining costs, that for water 
disappears, that for lubricants will be at least halved 
owing to the disappearance of cylinder oil and oil 
for reciprocating parts, and clothing and other stores 
will also be halved owing to the greater cleanliness of 
the electric locomotive. 

On a typical suburban electrification which has been 
in operation for nearly 20 years the cost per train- 
mile was:— 

Lubricants . 0*033d. 

Other stores and clothing .. 0-030d. 

Other wages at sheds .. .. 0-640d. 


0-703d. 

The comparative costs are shown in Table 3, whicti 
compares the costs on one of the former railway 
systems carrying heavy main-line traffic and the esti¬ 
mated costs of electric locomotive operation for the 
same traffic. 

Table 3. 


Cost of Operation and Maintenance per Engine-Mile, 
excluding Locomotive Renewals and Fml or Energy, 



Year 1922 
(Steam) 

Estimated 
for electric 
locomotive 


Superintendence 

d. 

0-538 

d. 

0-538 

No change 

Wages : Engine- 

7-600 

6-000 

33j%reduction 

men's 

Repairs .. 

6-910 

2-300 

66 % reduction 

Water .. 

0-331 

0-000 

Eliminated 

Lubricants 

0-362 

0-120 

66 % reduction 

Other stores, and 

0-449 

0-224 

60 % reduction 

clothing 



Miscellaneous .. 

0-098 

0-098 

No change 

Other wages ab 

2-668 

0-620 

76 % reduction 

sheds 



(approx.) 


18-836d. 

8-900d. 



On l(Jfeomotive operation costs alone, excluding fueU 
and almost quite independently of the density of traffic, 
there should be an economy of nearly lOd, per engine- 
mile. 
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The average density of traffic, which seriously affects 
the cost of the electric current supplied to the locomotive, 
would, however, preclude the realization of such a large 
economy in practice. 

Before passing to the considera^on of the cost of 
energy and how this modifies the very real economy 
affected by the electric tractor as a substitute for tlie 
steam tractor, some other points must be dealt with. 

The weight of the main-line passenger and freight 
trains in this country is comparatively small. On a 
certain 100-mile section of tlie London, Midland and 
Scottish Railway with heavy gradients, an examination 
of the weights of the heavy through trains at the heaviest 
period of the year showed an average of 276 tons 
behind the locomotive draw-bar per passenger train, 
and of 410 tons per goods train ; the maximum weight 
of passenger train only slightly exceeded 400 tons and 
was hauled by two engines. With rare exceptions the 
heaviest passenger trains do not exceed 360 tons, or 


-N 

Brown, Boveri are also building fgr the Paris-Orleans 
Railway some 2-D-2, 1 600-volt locomotives capable 
of developing 2 680 h.p. for 1 hour, their weight being 
92 tons, maximum speed ^81 in.p.h., haulage capacity 
600 tons behind the draw-bar up a 1 in 7 5 gradient 
at 40 m.p.h.; also a C-C freight locomotive developing 
3 600 h.p. for 1 hour, its weight being 114 tons (all 
adhesive weight), maximum speed 60 m.p.h., haulage 
capacity about 1 000 tons beliind the draw-bar up a 
1 in 75 gradient at 25 m.p.h. 

In order to consider the comparative costs of 
fuel and current the following basis has been taken :— 
Generation, three-phase at 11000 volts; overhead 
three-phase transmission at 44 000 to 66 000 volts 
according to distance; conversion by mercury arc 
rectifier to 1 600 volts (d.c.), and distribution at this 
voltage by tliird rail, with overhead equipment in 
stations and station yards. 

The author has endeavoured to arrive at a gene- 


Table 4. 

Typical Costs of Locomotive Coal delivered in Wagons to Locomotive Running Shed, 


Distance from London 

Pit price • plus carriage on 
other railway systems 

Distance hauled 

Railway carriage on own 
railway at ^d. per ton-mile 

miles 

s. 

d. 

miles 

8. 

d. 

299 

26 

11 

81 

Nil 

209 

20 

7 

72 

3 

0 

158 

20 

B 

82 

3 

5 

157 

20 

9 

26 

1 

Of 

82| 

21 

3 

79 

3 

H 

6 

20 

9 

168 

7 

0 

Average for coal for 
main-line services! 

21s. 

lOd. 

oo 

2s. 

Hid. 


Total cost of coal in wagon 
at locomotive running shed 


s. d. 
26 11 


23 7 

24 1 
21 H 

24 6i 
27 9 


24s. 9|d 


* The Times Supplement of 31st January, 1924, states Uiat the aw 
t The average calorific value of the above coals is about 13 600 B. 


[c pit-head price in 1922 was lOs. 2Jd., and export coal 26s. per ton f.o.b. 
with 0 to 10 per cent of ash. 


goods trains 800 tons, trains of greater weight being 
almost invariably hauled by two locomotives. The 
combined maximum tractive effort of two steam 
locomotives such as are commonly used for these traiTis 
would be 16 tons for the passenger train and 21 tons 
for the freight train, and on occasions the combination 
might be such as to give 20 and 25 tons respectively. 
It is evident, therefore, that from a practical standpoint 
there is no objection to single electric locomotives with 
initial draw-bar pulls analogous to thase combinations. 

It is not realized by many engineers and others that 
the electric locomotive can be applied with both profit 
and facility to both fast passenger and freight services 
as well as to suburban work. 

The General Electric Company in U.S.A. have 
recently completed and tested a 107-ton, 1 600-volt, 
high-speed passenger locomotive of the 2-C-C-g articu¬ 
lated type for the Paris-Orleans Railway. This 
machine easily attained its guaranteed speed of 
81 m.p.h., and a maximum speed of 106 m.p.h. was 
sustained during the final runs. 


rally applicable graph expressing the cost of energy 
for electric traction as compared with steam, in pence 
per locomotive-mile, the energy being that required at 
the tread of the wheels of tlie tractor for propelling 
both the tractor and the train hauled by it (Fig. 8). 

Jn the following pages the expression gross ton- 
miles refers to the total weight of tractor, train and 
train load ; and '' trailing ton-miles to the total weight 
of train and train load behind the tractor. 

The cost of coal for locomotive purposes has been 
assumed to be 23s. per ton delivered to the locomotive 
depot in wagons, equivalent to 7*40d. per engine- 
mile at 60 lb. of coal per mile, and the cost of a high- 
tension unit at the *44 000-volt busbars at the power 
station to be 0'40d. with coal at 15s, per ton. This 
figure for the price of locomotive steam coal is a 
conservative one, as will be realized from Table 4 
which shows the price of coal as delivered to the 
locomotive shed yard for stations at var^dng dis¬ 
tances from London, and also some comparative price'k 
1 of coal for power-station purposes. 



I -1-1-1-1- r— .-,-.-.-.-,-1-1-1-.-.-.-. 18000 



M 3<-N0UVIS aSMOd NO OVOT 


TIME 

on power station for 100-mile section of main line. 
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It will be c<ffcivenient at this point to refer to the load 
factor which would probably be obtained for such a 
supply, the load factor being defined as the ratio of the 

total units delivered to the high-tension feeders per 

• • 



Fig. 8. 

Curve 1. Total cost per unit. 

Curve 2. Reduction of locomotive repairs 
and operating cost due to electrification. 
Curve 8. Total cost per unit. 

Curve 4. Reduction of locomotive repairs 
and operating cost due to electrification. 


From Tables 7 and 8. 

Ditto, but with current at 
0*5d. per unit instead of 
0 •4d., and cost of track equip¬ 
ment increased by 10 per cent- 


annum to the maximum hourly load multiplied by 
8 760 ^the number of hours in a year), 

The load factor on the suburban electrifications 
of the L.M. and S. Railway, where there is practically 


no Ioa,d from 12 midnight to 6 a.m. and where the 
load diminishes between 10 a.m. and 4 p.m. to between 
66 per cent and 50 per cent of its rush-hour value 
is of the order of 40 per cent. In all these cases the 
load factor is improved by the use of batteries operating 
in parallel with tHe converter pl^ts, but tests made 
with the batteries eliminated show that the resultant 
load factor is only reduced by about 6 per cent by 
their absence. " ^ 

^amination of the actual electrical load to be 
anticipated on a section of straightforward main-line 
double track -with a density of 6 million trailing ton- 
miles per track-mile per annum indicates a load factor of 
about 60 per cent .(see Figs. 6 and 7). It may be taken 
as a postulate that any length of main line worth 
electrifying will have a load factor of not less than 
tins, and that where goods traffic and, particularly 
minaal traffic, predominate, the load factor will run 
up to as high as 70 per cent. These high load factors 
will naturally result in a low coal consumption and a 
low cost per unit whether the supply be generated at 
a railway company’s own power station or whether 
it be purchased. 

Table 6 shows in the first four columns some typical 
costs of generation in economical stations in Great 
Britain with load factors varying between 25 per 
cent and 30 per cent. These costs have been brought 
to a common basis, which assumes a rate of 8 per cent 
for interest on capital and depreciation combined and 
is further based on coal at I5s. per ton. It will be 
seen that the cost of a high-tension unit delivered 
to the fwders is about 0-46d., the average coal 
consumption of these stations being about 1 • 9 lb. 
per unit. The generating costs of a typical power 
station producing current for suburban traction, and 
of an assumed railway generating station worldng on 
the load produced by a main-line electrification, are 
also given on. the same basis. From the load factor 
obtainable from a main-line electrification, and from 


Table 6. 


Typical Cost per Unit Delivered to H.T. Feeders, British Generating Stations. 


Station 

A 

•b 

c 

D 

Typical railway 
power station 
supplying 
suourban 
electrification 

Estimate for 
main-line 
generating 
station 

Load factor, per cent 

Coal per unit) lb. .. . ^ _ * * 

26-3 

1-86 

31-2 

1-96 

26-2 

2-4 

1-9 

40 

2-4 

60 

1 L8 

Coal at 10s. per ton * 

Oil, wagte, etc. . 

Repairs . ’ 

Salaries and wages .. 

Interest and depreciation, at 8 per cent 

0-1495d. 

0-0036d. 

0-0362d. 

0-0416d. 

0-2132d. 

0-1668d. 
0-0043d. 
0-0346d. 
0-0482d. 
0-1962d. 

0-19294. 
0-0060d. 
0-0463d. 

0-06674. 
0-18624. 

0-16274. 
0-00604. 
0-06004. 

0-07604. 

0-20004. 

0-1929d, 
0-00204.* 
0-03604. 

0-06704. 

0-10304. 

0-14474. 

0-00204. 
0-02504. 

0-04604. 

0-16604. 

Total cost per unit ,. 

*• 

0-4429d. 

1_JI1 

• 

0-43904. 

0-48614. 

0-48274. 

0-38994. 

0-38174. 


* lucludiflg handling and ash removal. 
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consideration of these results and those obtained at 
Blackburn, the probable cost per high-tension unit may 
be assumed not to exceed 0-40d. 

Table 6 shows the average yearly efficiencies of trans¬ 
mission and conversion assumed, and these may be 
compared with those actually obtsftned in practice on 
the suburban electrifications. 

The cost per high-tension unit of 0*4d. is increased 
therefore to 0*Bd., on the score of efficiency alone, 
for the equivalent in energy of 1 000 watt-hours at the 
tread of the wheels. To obtain the actual cost of this 
energy the total units used must bear the further cost 
of operation, maintenance, interest and depreciation of 
the high-tension and low-tension transmission systems 
and the converting plant. 

It may be assumed without any very great error 
that the low-tension 1 600-volt distribution system 
will for any given 100 miles of route remain constant 

Table 6. 


Efficiencies of Transmission, 



Average 
of existing 
suburban 
electrifi¬ 
cation 

Author’s 
estimate 
for a main¬ 
line elec¬ 
trification 

Mr. 

Parodi’s 

estimate 

Mr. Roger 
Smith’s 
estimate 

H.T. transmission 

percent 

percent 

percent 

percent 

97 

94*5 

95* 

96 

Transformation 
and conversion 

91 

92 

83 

86 

L.T. transmission 

90 

90 

95 

90 

Efficiency from 
loco shoe to 

86 

86 

86 

85 

tread of wheel 

- 




Overall efficiency 

67*6 

66*6 

63*6 

60 


..’''.Assumed.by author. 


whatever the density of traffic. Considerations of life 
of equipment and of stability and strength will dictate 
the use of a fairly large conductor, the substation 
spacing and size of substation equipment being varied 
to suit the density of trafiSc and varying almost directly 
as that density. 

The cost of the high-tension transmission, if overhead, 
will also remain approximately constant per mile of 
route where it is derived from a single generating 
station supplying a division of main line from 60 to 
160 miles in length, the voltage being varied to some 
^extent to suit the load and the distance of transmission. 

The watt-hours per ton-mile required for the types 
■and weiglits of trains hauled on sections of British 
main line carrying dense traffic are not easily deter¬ 
mined, nor are there any general statistics available 
as to the coal consumption per ton-mile, either gross 
•or trailing, for steam locomotives. 

The L.M. and S. Railway have, however, within the 
last two years carried out a number of d 3 mamometer 
oar tests with main-line trains, the results of which 
are given in abstract in Table 7. The dynamometer 
car is fitted with an integrator which records the horse- 
power-hours at the drawbar, and it is possible from 


these records, and from the published reftilts of others, 
to deduce a figure for the watt-hours per trailing ton- 
mile which would be used by an electrically hauled 
train, and for the coal per ton-mile which would be used 
by a steam-hauled train fc?r a geneAl main-line service. 
It will be observed that the records have been made 
with very heavy and fast traiife on routes with heavy 
gradients, and with both passenger and goods trains. 
The results are therefore probably on the high side. 

The average figures of the tests are as follows:— 

Max. draw-bar h.p. recorded for one locomotive 1 232 
Max. speed on the level or on up gradient, m.p.h. 66 
Lb. of coal per ton-mile gross, including sQl losses 0 • 17 6 
Horse-power-hours per trailing ton-mile .. 0 • 036 

Equivalent watt-hours per trailing ton-mile .. 26*8 
Lb. of coal per draw-bar h.p.-hour, excluding 

shed duties .4*62 

Lb. of coal per draw-bar h.p.-hour, including 

shed duties .6*89 

In regard to the figure of 26-8 watt-hours per ton- 
mile, if the gross weight of train be taken at 320 tons, 
Mr. Roger Smith uses the figure of 26 and Mr. Parodi 
estimates it at about 30. 

Figures taken from tests on other routes in Great 
Britain, given in Mr. Hughes’s paper before the Institu¬ 
tion of Mechanical Engineers on superheating and com¬ 
pounding, tend to sho-w, allowing for the fact that all 
the figures examined are test-results made presumably 
with engines in first-class condition mth picked drivers, 
that the figure of 0*176 lb. of coal per ton-mile used 
as the basis of calculating gross train weight is probably 
a fair approximation to the truth. 

A rough check on the accuracy of these figures is 
given by multiplying the coal per ton-mile thus 
experimentally obtained by the estimated gross ton- 
miles for a 100-mile section of main line carrying traffic 
very similar to that of the tests. The annual coal 
consumption thus obtained only differed by 1 • 6 per 
cent from the actual coal consumption for '’he year 
1922. 

Except as regards suburban electrified lines, gross 
ton-mile figures do not exist: the only figures available 
in the Ministry of Transport statistics, or easily ob¬ 
tainable from the railway companies’ own records, are 
engine-miles divided under various heads such as 
passenger, freight, shunting, light, average freight train 
load, coal per engine-mile for passenger, freight and 
shunting services, and the number of wagons per freight 
train. 

To obtain a fairly reliable estimate of the ton-miles 
per annum for any railway system it is first necessarf 
to obtain figures for the average weight of each« class 
of train. • 

From the coal per engine-mile and the coal per gross 
ton-mile as ascertained by test, it is possible to estimate 
the gross weight of each class of train. An arbitrary 
estimate of the weight of locomotive enables a deduc¬ 
tion to be made for this, leaving the trailing weight 
of each class of -train. 

In the case of freight trains the average trailing 
load .thus obtained may be checked by taldng from 
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the statistics the number of wagons per freight train 
and the average net tons of load per train ; by assuming 
an average tare weight for the wagons the trailing tons 
weight of freight train may thus be ascertained. The 
figures obtained by these two diffearent methods may 
be further examined in the light of the actual average 
weights of both passenger and freight trains taken over 
2 days at a pesiod of the year when trafi&c is fairly 
heavy on a 100-mile double-track section of main line 
carrying mainly through trafl&c, and with an average 
weight of train for the same section obtained in a 
different way. Details of the methods of arriving at 
these figures are shown in Table 8. These figures show 
a fair measure of agreement and are sufficient to demon¬ 
strate that the assumption, for the purpose of calcu¬ 
lating ton-miles per mils 0^ single track of an average 
trailing tredh weight for oJl classes of traffic of 260 tons, 
is fairly correct and, if anything, gives the advantage 
to the ste^m locomotive when the figure is used as a 
basis for traffic density and the units per engine-mile. 

^ Table 9 shows how, on the basis of the cost of electri- 
'>Qf TfOO miles of double track, the cost of the 
.^‘^nivaJej?^ of l 000 watt-hours at the tread of the 
electric locomotive wheels in relation to the density of 
traffic in trailing ton-miles per mile of track per annum 
is built up. From the assumption tliat the gross train 
weight, i.e. that of the locomotive plus the trailing 
load, is 320 tons, the units required per engine-mile 
and the cost of current per engine-mile are deduced; 
it will be noted that this cost of current includes all 
fixed charges. It appears that the cost of current will 
always be higher per engine-mile than that of coal per 
engine-mile delivered to the locomotive running shed, 
but that at any density of traffic equal to or higher 
than 2 300 000 trailing ton-miles per track-mile per 
annum, the lower costs of operation of the electric 
tractor more than compensate for this increase in the 
cost of energy. 

Table 10 shows the application of this current cost to 
the whole cost of locomotive operation and the conse¬ 
quent reduction which may be expected in the total 
cost of locomotive operation per engine-mile in relation 
to the density of traffic. 

Fig. 8 shows in graph form the cost per unit at the 
locomotive wheel and the reduction of cost per engine- 
mile due to electrification. It also shows the corre¬ 
sponding costs if the cost of current is taken at 0'5d. 
per unit instead of 0‘4d. and the cost of track equip¬ 
ment increased by 10 per cent. The figures have been 
taken on a very conservative basis so that it may be 
assumed that, even discounting to some extent the 
reduction in operating costs, main-line filectrification is 
worth carrying out at a density of 3 000 000 or more 
trailing ton-miles , per track-mile per annum. 

It will be noticed that no addition has been made 
to the cost per engine-mile for electric working to cover 
any capital charges on the new locomotives that would 
have to be provided to replace steam locorqotives. 
This charge does not arise, because the whole coft will 
be borne by the Renewal Fund. The ratio of the cost 
of the electric locomotive to the cost of the steam 
locomotive for equal draw-bar pull and draw-bar horse¬ 
power is less than 1*7 : 1 on the a^^rage, but, as the 
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Derived from Ministry of Itan^ statistics. t Rqttesents actual average weights of passenger and goods trains taken over two days on a douHe-track section of main line 80 mfles long. 
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annual mileage per electric locomotive will be double 
or more than double that of the steam locomotive, the 
total cost of the new electric rolling stock will not be 
as great as that of the steaiii locomotives which are 
replaced. For particulars as to relative cost reference 
should be made to Appemdix 2. 

The application of these figures of traffic density 
with the consequent costs to the actual traffic densities 
of British railways is a matter of some difficulty. To 
assist in giving a correct picture of traffic densities. 
Table 11 has been prepared. This shows the traffic 
densities on some of the principal former railway 
systems in engine-miles per mile of single track, exclu¬ 
sive of sidings; the same for certain electrified lines ; 
the coal per engine-mile; the average weight of train 
based on coal per engine-mile and the experimental 
figure of 'D-US lb. of coal per gross ton-mile ; and the 
consequent density of traffic in trailing ton-miles per 
track-mile per annum. More detailed figures for one 
of the systems referred to are also given in Appendix 3. 

It will be seen that, taken as a whole, most of the 
systems fall within the category of possible successful 
main-line electrifications. 

As each of these large systems includes many branch 
lines with very sparse traffic which could not be pro¬ 
fitably electrified, it follows that the main traffic routes 
must have much higher traffic densities and that 
electrification on the score of reduced costs for loco¬ 
motive maintenance and operation alone will be re¬ 
munerative. 

■ The figures given in the paper indicate that main¬ 
line electrification is a probable source of largely increased 
revenue, and that a thorough investigation of the possi¬ 
bilities of electrification in connection with the main 
arteries of railway traffic is very desirable. 

The Author has confined himself strictly to the 
economies obtainable under Abstracts B and C of the 
railway accounts, omitting the cost of engine renewals 
which is assumed to be the same. 

It is not within the ambit of a railway electrical 
engineer to discuss the possible traffic economies which 
may accrue due to main-line electrification, or the 
possibilities of accelerated schedules and the consequent 
growth of traffic, but a substantial increment to the 
increased net profits indicated is undoubtedly obtainable 
from traffic sources. 

It is necessary also to emphasize the fact (already 
taken into account by the French Government and 
railway managements) that an extensive electrification 
brings a cheap and abundant supply of electricity to 
large areas of the country now devoid of such supplies. 

Assuming that after full investigation of the operating 
conditions on a considerable section of main line com¬ 
prising, cay, 1 500 miles of track, it was found that 
the author’s broad conclusions were fully justified so 
that the method of electrification became an immediate 
problem, there would be several difficult points to 
consider. 

Such an electrification covering possibly 500 miles 
of route would not be supplied by a single generating 
station, but would usually be supplied from at least 
six, and probably from eight, generating stations; 
consequently the length of high-tqnsion transmission 


lines would not bear as large a ratio to the route 
mileage as has been used in Table 9. The use of 
cables would raise the price of current to a pro¬ 
hibitive figure, and therefore overhead transmission 
is practically compulsory. Such transmissions, how¬ 
ever, are not desirable on the railway itself, not 
only on account of difficulties in finding a route 
for the transmission line but also on account of the 
undoubted interference troubles which would arise 
in connection with telegraph, telephone and signal 
circuits. The power company or municipal stations 
giving the supplies will therefore be obliged to construct 
overhead transmission lines to the points chosen by 
the railway company for their substations. The 
existing electricity supply areas are such as to make 
it probable that a number of Special Orders would 
be required, and it would seem that some legislation 
is desirable which would facilitate the construction 
of such transmission lines for railway-supply purposes. 

The track equipment will in the main be on the third- 
rail system, but considerations of continuity of contact, 
at junctions, particularly with reference to freight 
locomotive operation, will necessitate short lengths of 
overhead distribution, thus involving the provision of 
both collector shoes and bows on the locomotives. 
As the overhead collector must be clear above the 
structure gauge, the bow in its '' up ” position fouls 
the structure gauge, and means will therefore have to 
be provided whereby the bow automatically rises to 
meet any stretch of overhead trolley and automatically 
falls when it leaves it, or, alternatively, every overbridge 
and tunnel will have to be equipped with a dummy 
trolley. Unless means are provided for making the 
bow dead when the tlfird-rail shoes are alive, these 
dummy sections will have to be insulated for the full 
line pressure. 

The cost of electrification of sidings is of importance. 
It will be observed from column 5 of Table 11 that the 
mileage of sidings on a railway system with heavy 
traffic represents from 20 to 30 per cent of the total 
track mileage. In addition to these railway-owned 
sidings there is a large mileage of privately owned 
sidings over which railway companies’ locomotives work. 
It has not yet been possible to determine whether 
sidings would be more economically dealt with by 
electrification with overhead conductors or by operation 
with storage-battery locomotives. Probably both 
methods would be adopted. In some cases the cost of 
the overhead work for the sidings would be nearly as 
high as for the main track. The work carried out at 
Melbourne in connection with Flinders-street and that 
done on the Newport-Shildon line, however, give 
grounds for assuming that it is probable that as a whole 
the cost per mile of electrification of the sidings would 
not exceed half that of the main tracks. 

The provision of electric locomotives capable of the 
maximum utilization of traffic, which is of the utmost 
importance in view of their capacity for continuous 
traffic, i's perhaps the most difficult problem of all. 
Its solution is, however, facilitated by the approximation 
of the speed of freight and passenger trains made 
possible by electric traction. 

The advantage ofithe increased speed possible with 
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freight trains hauled by electric locomotives was very 
clearly brought out by Mr. Watson in the discussion 
on Sir Philip Dawson's paper on ** The Financial 
Prospects of Railway Electrification " read before the 
Institute of Transport on 7th May, 1923. Mr. Watson 
stated that there were two speedS of passenger trains 
between New York and Newcastle, and five speeds 
for freight trains; in consequence, there was a large 
waste of engine time by trains of lower priority having 
to give preference to those of higher priority. Elec¬ 
trification was going to reduce these seven speeds to 
three: 90 per cent of the train mileage would be run 
at two speeds only, namely, 60 m.p.h. for fast expresses 
and 30 m.p.h. for stopping passenger trains and freight 
trains. 

The speed of freight trains is in general limited by 

(1) the brake power available, and (2) the efficiency 
of axle-box lubrication. In regard to the latter, the 
existence of a very large number of grease-lubricated 
axle boxes is the limiting feature. Maximum speeds 
of 46 m.p.h. are, however, usual even with these 
•grease boxes, and the average speed can obviously be 
raised very considerably. The electric locomotive can 
be braJced in new designs to a greater extent than the 
average of the steam freight locomotives now in use. 
The utilization of field control also permits of a very 
wide range of speed with a comparatively small* per¬ 
centage of weight variation in the motors. 

Standardization of design and the use of a minimum 
number of types will therefore be essential conditions 
of success. From the experience gained in France and 
elsewhere it would seem that three types should suffice 
for the new conditions which will be brought about 
by electrification : (1) B-B type for shunting and local 
freight services; (2) B-B type for ordinary freight; 
(3), 2--D-2 type for fast freight and express passenger 
work. The whole locomotive design can be common 
for the first two types, with the exception of motor, 
pinion and gear case. 

The 2-D-2 type will be utilized when required on 
full field in the series-parallel motor combination for the 
services performed by the two B-B types. All types 
will have four-motor equipments, field control and 
rheostatic braJces. The determination of the propor¬ 
tionate number of each type to be built will, however, 
be a matter of extreme difficulty and will finally be 
decided on an empirical basis. The control of the 
2-D-2 type will be used on all types and will be operable 
in combination with the control used on the multiple- 
unit trains. 

To improve brake control on routes with heavy 
gradients, electrification makes it possible to equip a 
certain number of freight brake-vans with collecting 
shoes, vacuum reservoir, and vacuum pump and vacuum 
brake gear, *thus giving, in case of a break-loose on a 
rising grade, the goods guard a control over the train 
much superior to that possible under steam conditions. 

The problem of dealing with train-heating is not 
easy, but the electrically heated boiler used by Sir 
Vincent Raven on his electric express passenger loco¬ 
motive will probably have to be used in the initial 
stages. As electrification progresses trains which 
•circulate exclusively m the electrified area will b.e fitted 


with electric heaters, but the present S 3 /Stem of lighting 
will continue. Incidentally, the substitution of electric 
heaters for the present steam system will eventually 
effect a substantial economy as compared with the 
present steam-heating system. * 

Most difficult of all of solution is the problem of 
making the main-line expreSSs or freight locomotive 
perfectly safe to operate with one man. This will be 
a matter for future consideration and, obviously, at the 
outset of the electrification locomotives handling heavy 
trains or trains running long distances without a stop 
will be operated by two men as at present. It may 
be mentioned that locomotives under 1 000 h.p. are 
to-day operated by one man on the Loetschberg Railway. 

It is evident that such far-reaching changes in the 
equipment of British railway systems will of necessity 
bring with them many radical alterations in^ methods 
of operation. If the fullest advantage is to be taken 
of the capabilities of the new system of traction, 
operating officers will have to adjust their methods 
to these new conditions. 

In conclusion, it will be realized that those in whose 
hands rests the operation and financial success of a 
public utility corporation such as a railway naturally 
shrink from the vast responsibility of expending many 
millions on the trial of a system of traction so novel 
and unfamiliar to them, and very rightly are unwilling 
to embark on such an enterprise without the certain 
prospect of success. The evidence of certain success 
has not as yet been put before them, and all the 
author can hope is to have made a prima facie case 
for full investigation. 

The author wishes to acknowledge the assistance he 
has received from the writings of many other workers 
in the field of electric traction, particularly the papers 
of Sir Vincent Raven, Mr. Roger Smith, Mr.^Parodi 
and Mr. Bachellery. 

Summarized Conclusions. 

(1) The density of traffic on most of the suburban 
electrified lines in Great Britain at the present is about 
20 000 train-miles per track-mile (excluding sidings) 
per annum. 

(2) The cost of locomotive operation as detailed 
under Abstracts B and C of the Railway Accounts, 
excluding locomotive renewals, is less per train-mile 
for the electric suburban services than per engine-mile 
for the average of all the steam-hauled services on the 
larger of the former British railway systems, including 
all branch lines. 

(3) The density of traffic on these systems, includii^ 
all their branches, in engine-miles per annum approaches 
the density in train-miles per track-mile, exchiding 
sidings, per annum on the suburban electrifftd lines, 
but in ton-miles is greater owing to the greater average 
weight of train. 

(4) As a considerable proportion of the total track 

mileage is made up of branches with sparse traffic, 
the density of traffic on the main trunk routes in ton- 
miles per track-mile per annum must be very much 
greater than on the electrified suburban lines. * 

(6^ Owing to the standing charges on the capital 
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expenditure on^ high-tension transmission lines, sub¬ 
stations and track equipment, and the losses in trans¬ 
mission and conversion, current, even if purchased at 
the generating station busbars at 0-4d. per unit, is 
more costly than coaf as suppfied to the tenders of the 
steam locomotive at the locomotive running sheds. 

(6) The cost of current, converted to tractive effort 
at the electric locomotive wheel-tread, being greater 
per electric engine-mile than the cost of coal per engine- 
mile for the steam locomotive, the extent to which 
this cost is greater depends on:— 

(a) the density of traffic in ton-miles per running 
track-mile per annum, 

(6) the ratio of the siding mileage to the running 

track mileage, 

(c) the number of junctions. 

(7) The electric locomotive as a tractor compared 
with the steam locomotive is superior in every way 
except mobility as a self-contained unit. 

(8) In considering operating costs, the total of 
enginemen*s wages will be less due to :— 

(а) elimination of engine duties, 

(б) elimination of double crews for double heading, 

(i;) elimination of movements for turning, coaling 

and watering, 

{d) utilization of one man instead of two on local 
trains composed of multiple-unit stock, and 
on shunting engines. 

(9) Shed wages, other than repair wages, will be 
almost eliminated, as the locomotives will no longer 
go to the sheds except for repairs and for a fortnightly 
inspection. 

(10) Ig^epairs both at the sheds and at the main repair 
works are reduced to about one-third of the present 
cost per engine-mile, due to the elimination of 
reciprocating parts and the boiler, 

(11) The capacity of the existing locomotive repair 
works and locomotive running sheds is therefore 
increased. 

(12) Water is no longer required, and the cost of it 
therefore disappears. 

(13) Simplification of design of electric locomotives 
has so low’ered their prime cost that the replacement 
of the steam locomotive by the electric locomotive is 
a revenue charge. 

(14) The capabilities of the electric locomotive for 
maintaining its normal speed on gradients and in 
unfavourable weather will permit of a substantial 
reduction in timings without increase in the maximum 
speed and with a small increase, of the order of 6 to 
10 pe®* cent, in the cost of energy only, 

(16) T^ie number of large generating stations in this 
couniry is now such as to permit in most cases current 
to be purchased by the railway companies, and offers 
the further advantage that an extensive electrification 
will not be dependent on a single generating station. 

(16) The load factor of- these purchased supplies 
should be such as to make the price of current verv 
low, 

. (17) The figures given in the paper indicate rihat 


after paying all fixed charges on capital expended, the 
railway companies should obtain a further net profit 
representing from 6 to 10 per cent on the capital 
expended in electrification. 

(18) Apart from the question of development of 

traffic due to increasecl facilities, main-line electrification 
is likely to be more profitable to the railway companies 
than suburban electrification. ^ 

(19) In the paper, only the net profit arising from 
more economical working of locomotives has been taken 
into consideration; there will be additional profits 
arising from:— 

(а) elimination of necessity for bridge renewals for 

heavier axle loads, 

(б) slight reduction of wagon stock due to quicker 

wagon movement and elimination of locomo¬ 
tive coal traffic, 

(c) reduction in painting and longer life of bridges 

and stations, 

(d) reduced wear and tear of permanent way, 

(e) reduced wages of goods guards due to reduction 

in goods train-hours by quicker movement, 

(f) elimination of necessity for expenditure on loops 

and widenings, 

(g) increase in the capacity of the line. 


APPENDIX 1. 

Data on Reduction in Number of Locomotives by 
Substitution of Electric Traction, and Reduced 
Cost of Repairs. 

On the New York, New Haven and Hartford Railway, 
which has 660 miles of electrified track, in 1921 the 
electric passenger locomotives averaged 33 000 miles 
per locomotive failure, the average detention per failure 
being 18 minutes. The annual mileage per locomotive 
was nearly 60 000. The freight locomotive mileage per 
locomotive failure was approximately 22 600. These 
locomotives frequently made two round trips in 24 
hours, mileage 272, whereas under steam operation the 
daily locomotive mileage was from 100 to 120. During 
the years 1916-1921, 16 electric switching locomotives 
were in actual service over 70 per cent of the total time, 
and during 1916 they realized over 77 per cent. These 
locomotives are operated 24 hours per day, and con¬ 
sistently make 140 miles on the basis of a running 
speed of 6 miles per hour. They have replaced steam 
locomotives in the ratio of 1 to 2 and have realized a 
coal saving of 66 per cent. On the IJennsylvania 
electrified lines in New York, main-line electric loco¬ 
motives realized 7 8 600 miles per detention on account 
of locomotive troubles, and during one year there was 
a total train delay of only 65 minutes due to failure 
<Jf moti^jp power. These locomotives are now averaging 
about 4 600 miles per month. On the Norfolk and 
Western Railway two 300-ton electric locomotives now 
haul trains of 3 250 tons at 14 miles per hour, whereas 
previously three Mallet steam locomotives were required. 
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the speed then being 7 miles per hour. Twelve electric 
locomotives were purchased to replace 24 Mallet engines 
and still handle the service, although when placed in 
traffic 33 Mallet locomotives would have been required, 
and the volume of traffic has also further increased. 
During 1922 these engines made tin average mileage 
of 37 8^0, more than 100 miles per day per engine. 
On the New York, Westchester and Boston Railway 
during the heavy snowstorms of 1919-1920, when the 
service on many steam roads was seriously disorganized, 
operation of the suburban service was 100 per cent 
perfect. In 1919, the average mileage per car was 
over 42 000, and the average car-mileage per minute 
of delay 2 700. On the Philadelphia suburban service 
of the Pennsylvania Railway approximately 600 trains 
per day are now operated, as compared with 160 under 
steam conditions. During the year 1919 over 2 883 000 
car-miles were run, with an average of over 48 000 
car-miles per detention. Figures taken from the 
Interstate Commerce Commission Accounts for 1919 
give a comparison, brought down to a common basis 
bf 100 tons on the driving wheels, of repairs per 
locomotive-mile for steam locomotives and direct- 
current electric locomotives. The cost of repairs and 
engine-house expenses for steam are 49*8 cents per 
locomotive-mile, as compared with 9-77 cents per 
locomotive-mile for the electric, or approximately 2s. 
per mile for steam as compared with 6d. for electric. 
If the actual figures per locomotive-raile are taken 
without considering the weight on the drivers, the cost 
for steam is about Is. 8d., as against 6d. for the electric. 
As further evidence of the extremely low cost of repairs 
to be anticipated with electric locomotives, the 2-C-l 
outside-geax alternating-current electric locomotive of 
the Swiss Federal Railways was examined after 80 000 
miles running, and no wear could be found on the 
gears nor were any adjustments or repairs required 
to either motors or gears. This of course is a result 
unattainable with a steam locomotive, which would have 
required a heavy general repair after running this 
mileage from new. From the standpoint of the elec¬ 
trification of British main lines, however, the most 
important evidence on this crucial question of the cost 
of repairs comes from Sir Vincent Raven in his paper 
on electric locomotives read before the Institution of 
Mechanical Engineers in November 1922. • 

The North Eastern Railway alone in this country, 
with the exception of the Metropolitan Railway, has had 
experience of the actual cost of repairs for locomotives 
working main-line traffic. On the Newport—Shildon 
line the 6 electric locomotives which replaced 13 steam 
had a mileage of over 60 000 miles ^per annum, and 
the cost of repairs and shed wages was less than one- 
seventh of that of steam locomotives doing similar 
work. In fact these electric locomotives were at least 
60 per cent more powerful than steam locomotives 
of similar weight. The shunting locomotives which 
have been in use on the same railway for 18 years 
corroborate these figures, the cost of repairs and shed 
wages being only one-sixth of that of steam locomotives 
doing the same class of work. 

The Metropolitan Railway operates a number of 
trains hauled by electric locomotives of the B-B type 


between Baker-street and Harrow, ai^ the cost of 
maintaining these is fairly comparable with that of 
maintaining the steam locomotives which haul the same 
trains from Harrow onwards. In this case, in spite 
of some abnormal expenditure on*the electric locomo¬ 
tives, the cost of these for repairs, inspection, shed 
wages, lubricants, stores and^clothing was less than 
one-third of that for the steam locomotives. 


APPENDIX 2. 

Cost of Replacement of Steam Locomotives by 
Electric Locomotives. 

It is an almost essential condition of successful 
financial results in main-line electrification that the 
provision of the electric locomotive stock should be 
chargeable to revenue. This would be impossible were 
it not for the greater annual mileage obtainable from 
the electric locomotive. 

Locomotive or other machinery renewals, if paid 
for from revenue, should be made on a basis of replacing 
like with like. The locomotive renewals effected 
annually on a railway should leave the total haulage 
capacity of the locomotive stock unaffected. Variations 
in prices should not affect this principle and, taken 
year by year, the sum expended on renewals should 
fluctuate. In actual practice this is inconvenient and, 
in many cases, it is usual to set aside a fixed sum, making 
adjustments for minor fluctuations in prices by deferring 
renewals in dear years and accelerating them in cheap 
ones, while unforeseen extreme fluctuations such as those 
caused by the war axe dealt with specially and in 
relation to other factors such’as fluctuations in receipts 
arising from the same cause. 

For the purpose of this paper, however, the author 
assumes in the first instance that electrification is being 
carried out solely to reduce working expenses and that, 
consequently, the haulage power of tlie locomotive 
stock will not be increased in the aggregate, at any 
rate appreciably. 

From the figures given below it \^ill be seen that the 
assumption is not necessary because, if on a mileage- 
per-annum basis one elecixic locomotive can replace 
two steam locomotives, the cost of replacement of 
equal haulage power will be less for electric than for 
steam locomotives. 

Apart from any question arising from an accountancy 
point of view in connection with the ratio of pre-war 
and present-day costs, the provision of the electrift 
locomotives necessary will therefore not be a csharge 
against capital. • 

The 4-6-0 four-cylinder steam locomotive. No. 3 in 
Table 2, is a typical express passenger tractor; its 
weight empty is 92 tons, and its current market value 
at present prices at £80 per ton is approximately 
£7 600. Its electrical equivalent type might be taken 
as No, 8 in the same table, namely, weight 90 tons 
and 2 100 horse-power on 1-hour rating, the cost of 
which would be approximately as follows:— 
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2 100 h.p. of motors at £2 • 5 per li.p. 

Control and cabling at £1 • 2 per h.p. 

Vacuum pumps, motor-generator, etc. 

55 tons of locomotive struclaire at £7 5 per ton 

i.e. £143 per ton. 


5 256 
2 620 
1000 
4 125 

£12 896 


And ratio 


Electric locomotive cost 1*72 

Steam locomotive cost 1 


If the steam passenger locomotives averaged 26 000 
miles per annum, then for the fixed charges to be the 
same the electric locomotive mileage would have to be 
44 750 miles per annum ; excluding Sundays and 26 days 
per annum for examination and repairs, the daily mileage 
would have to be 166. 

The steam and electric freight engines may be com¬ 
pared on the basis of the 0-8-0 shown as No. 11 
in Tabic 2, and the 4-4 electric Midi Railway No. 16 
in the same table. The weight of steam locomotive 
empty is about 78 tons, and its current market value 
at £80 per ton approximately £6 240. The cost of the 
electric locomoti ve, weight 7 0 tons, will be approximately 
as follows:— 


1 400 h.p. of motors at £2- 2 per h.p. 
Control and cabling at £1*6 per h.p. 
Vacuum pumps, motor-generator, etc. 
48 tons of structure at £76 per ton .. 


£ 

3 080 
2 100 
1 000 
3 600 

£9 780 


i.e. £140 per ton. 

ILlectric locomotive cost 


And ratio 


1*66 


SieainTocomotive cost 


If the steam freight locomotive averaged 18 300 miles 
per annum, to obtain equality in fixed charges the 
electric locomotive would have to average 28 660 miles 
per annum, or 100 miles per day on the same basis 
as the passenger locomotive. 

This electric locomotive could haul 720 tons, trailing, 
up a 1 in 100 grade at 26 m.p.h. The test load was 264 
tons up 1 in 30 at 28 miles per hour. 

If the 0-6-0 steam freight locomotive, the empty 
weight of which is 66 tons and the cost at present 
prices £4 480, were replaced by an electric locomotive 
()_4„.4.-0 of similar draw-bar h.p., viz. 800 h.p. at the 
1-hpur rating, the cost of the electric locomotive would 
be :— 


Vour 200-h.p. motors, control and cabling 
2 bogies and gear cases 
Structure 26 tons at £76 per ton,. 


Weight, 
£ tons 

4 400 18 

1 125 14 

1 876 25 


7 400 67 


i.e. £130 per ton. 

Elect ric locomotive cost _ 

And ratio locomotive cost 

' The tractive effort of the locomotive at 30 m.p.h. 
would be 12 000 lb., corresponding to a haulage capacity 


1*65 

1 


of 290 tons up a 1 in 100 grade, and 670 tons ^ 

1 in 300 grade at 32 m.p.h. 

If it is correct that double the mileage can be foir^^ 
by the traffic department for a day’s work for 
electric locomotive as compared with a steam looo- 
motive (for there isTno doubt about the capacity of 
electric locomotive to treble the steam-engine nfileag^ 
necessary), there is then, on the basis of replacing life® 
haulage capacity with like, a very considerable 
for building larger electric locomotives to replace t:Tte 
steam locomotives, and at no greater cost than wotaIo- 
have been involved in normal steam-locomo'tiv® 
renewals. 

The question of the allowance to be made in 
future for the obsolescence and life of the electric looo- 
motives is also of interest. The usual assumed lif© 
a steam locomotive is 40 years. There seems li't'tl® 
doubt, judging from the results obtained on the Liver¬ 
pool and Southport line and on the District and ot:lrer 
early electrified lines, coupled with consideration. 
modem improvements in design, that the life of t:tLO 
electric locomotive will be just as great as, or grea.'ter 
than, that of the steam locomotive. It is proba.t>T<^i 
indeed, that whereas the steam locomotive 40 years 
old consists of hardly more than the original bralco 
rods and, possibly, frames and wheel centres, the rest: 
having been renewed, after 40 years the electric loco¬ 
motive will exist in toto as built. As regards oIdso— 
lescence, after a certain stage has been attained in 4:11.0 
development of a new invention a measure of final! i:y 
is arrived at and obsolescence is slow until some furbliei* 
complete innovation replaces the original. The older a 
method the higher should be the rate of obsolescexice. 
There is therefore no sound reason for assuming at tlio 
outset any diflerent life or rate of obsolescence for 
electric locomotives than for steam, though after m-oxo 
extensive experience the life may be increased and tlie 
rate of obsolescence reduced. 


APPENDIX 3. 


The question of the density of traffic is of sxxoli 
importance in connection with the cost of cuirexit for 
main-line electrification purposes that it is desirable fo 
set out in some greater detail the comparative figirreH 
for the year 1922, in connection with the traffic densilzy 
on one of the former large independent railway systerriH 
which carried the heaviest trafi&c and one of the suburba.ii 
electrifications. » 


Coaching train-miles. 

Coaching shuntitig-miles 
Freight train-miles .. 

Freight shunting-miles 
Assisting coaching-miles 
Assistii^ freight-miles 
Light mileage 
Departmental mileage 

Total engine mileage 


20 480 8QO 

1 460 •JOn 
22 086 009 
12 OSTT 04:6 

632 84-6 

2 94=3 4.60 
2 606 6V6 

64 34=4^ 07 2 
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No. of single-track miles exclusive of sidings 3 668 

Miles of sidings .. .. .. .. 1 831 

Freight and coaching train-miles, excluding 
shunting, light, departmental and assist¬ 
ing miles . 42 566 799 

Train-miles only per track-mile, exdusive of 

sidirfgs . 11 900 

Total engine-miles per track-mile, exclusive 

of sidings . 18 000 

Shunting-miles, coaching and freight per 
siding-mile .. .. .. .. .. 7 400 

Coal per engine-mile, passenger services ,. 47 • 14 lb. 

Gross weight of passenger train based on 

0*175 lb. per ton-mile .. .. .. 270 tons 

Coal per engine-mile, freight services .. 68*36 lb. 

Gross weight of freight train based on 

0 * 176 lb. per ton-mile .. ,, .. 334 tons 

Gross coaching train ton-miles, 20 480 890 

X 270 .. .. .. 6 630 millions 

Gross freight-train ton-miles, 22 086 909 

X 334 .. .. .. .. 7 380 millions 

•Total gross train-ton-miles on running lines 
excluding sidings (average gross train 

weight 304 tons). 12 910 millions 

Gross train-ton-miles per track-mile per 

annum, excluding sidings .. .. 3 620 000 

High-tension kWh per track-mile, excluding 
sidings, at 46 watt-hours per ton-mile .. 163 000 

High-tension kWh per substation per annum 
with 10 miles of 4-track route fed from 
one substation .. .. .. .. 6 670 000 


Comparative Figures for Suburban Electrified 
System. 


3922 

Train-miles .. .. .. .. .. 2 264 732 

Ton-miles .. .. .. .. .. 360 433 418 


Average train weight (tons). 169 

High-tension kWh used for traction .. 43 336 972 

Track-miles electrified .. .. .. 121 

Train-miles per track-mile. 18 700 

Ton-miles per track-mile .. .. .. 2 980 000 

High-tension kWh per track-mile .. ., 362 000 


Average high-tension kWh per substation 
per annum (average suburban electrifi¬ 
cation) .. .. .. .. .. 6 500 000 

• 

These figures clearly show that, excluding shunting, 
assisting, light and departmental mileage, the average 
train-ton-mile per track-mile density on the large 
steam-operated system is 20 per cent greater than on 
the electrified suburban system, but that owing to the 
lower energy consumption per ton-nyle for the former 
the electrical demand density is only 46 per cent of 
that for the electrified suburban lines. 

As the load factor on the substations for the steam- 
operated system would be much better than the load 
factor for the electrified suburban lines, owing to the 
all-night freight traffic which does not exist on the 
latter, the kilowatts of substation plant per track-mile 
required for the steam-operated system woul3 be less 
than half of that required for the electrified lines. An 
average figure for electrified suburban lines with this 
traffic density is about 180 kW of rotary converter 


plant per track-mile, and the amoufit of converter 
plant required for main-line work will therefore be 
about 90 kW per track-mile; but the provision necessary 
for the power for shunting mileage will probably raise 
this figure to 120 kW. * • 

As, however, the suburban electrification figures given 
above represent track, most o# which is operated at 600 
volts, and the main-line electrification would be carried 
out at 1 600 volts, it is fair to assume that the distance 
between substations would be at least three times as 
great for the main line. In these circumstances the 
total annual output of the main-line substations would 
be higher than for the suburban system, though the 
maximum loads would be smaller owing to the better 
load factor. 


APPENDIX 4. 

Notes in regard to Table 7. 

Steam Locomotives. 

Results, —^The results are all calculated from figures 
obtained from dynamometer-car records. 

Tractive resistance, —The total tractive resistance of 
the train in lb. per ton on the various runs is obtained 
by dividing the average tractive effort whilst doing 
positive work, by the weight of the train hauled. 

The resistance of the train on the level has been 
taken from curve 4 in Fig. 6 (derived from recent 
tests on L.M, and S. passenger stock—^weight of train 
436 tons) ; and that of goods trains on the level from 
curve 2 in the same figure. 

The resistance due to gradient, etc., is the difference 
between the total resistance and that on the level. 

The total tractive resistance of the engine i^j lb. per 
ton is obtained by taking the resistance on the level 
at the average speed whilst doing positive work (as 
given in Fig. 6, curve 1), plus that due to gradient 
obtained as above. 

Horse-^ower and h.p,-hours. —Draw-bar horse-power 
and draw-bar h.p.-hours are taken from the d 3 mamo- 
meter car records, tlie energy to overcome the total 
tractive resistance of the engine being added to give 
the gross horse-power and gross h.p.-hours. 

Ton-miles, —The total ton-miles include the weight 
of engine and tender (gross ton-miles), and the trailing 
ton-miles exclude the weight of engine and tender. 

Coal consumed, —^The coal consumed between teripinal 
stations (excluding shed duties) and the total coal used 
(including shed duties) are given. The average of. the 
laboratory tests over a period of two years on clasps 
of coal similar to that used in these tests gave a carbon 
content of 68*23 per cent, volatile matter ^2*^4 per 
cent, ash 9*62 per cent, sulphur 2*48 per cent, 
evaporative power 13*88 lb. of water per lb., calorific 
value 13 481 B.Th.U.'s per lb. 

Mechanical efficiency, —^This is obtained by dividing 
the draw-bar horse-power by the gross horse-power. 

Thermal efficiency, —^This is equal to 

_ h.p.-hours X 33 000 X 60 X 100 _ 

B.Th.U/s in fuel per lb. x 778 x coal consumed 
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and is considSred in the table under the following 
conditions :— 

(a) Gross h.p.-hours ^ind coal consumed (excluding shed 
duties). 

(&) Gross h.p.-hours and^total coal consumed (including 
shed duties). 

(c) Draw-bar h.p.-hours and coal consumed (excluding 
shed duties). 

(fi) Draw-bar h.p.-hours and total coal consumed 
(including shed duties). 

Electric Locomotives. 

Results. —The same energy is required to haul the 
trains as in the case of the trains hauled by steam 
locomotives. The author has taken the case of a 116-ton 


March 1923), the calorific value of the fuel being taken 
as 11 000 B.Th.U.’s per lb. 

Description of runs. 

16 Passenger runs —^Manchester to Blackpool. 

On the outward runs the respective heights above 
sea-level of start and finish were 110 • 28 ft. and 68 • 62 ft., 
the first 5 miles being a stiff up gradient of approxi¬ 
mately 1 in 130, whereas on the return run the length 
of approach to this maximum point was 14 miles. 

6 Goods ywws—Crofton to Mytholmroyd, one way 
only. 

The respective altitudes were 142 • 44 ft. and 328 • 7 ft., 
this giving an average up gradient of 1 in 696. 

Passenger runs. 141 miles—Crewe to Carlisle and 
return. 

Outward run—altitude at Crewe 161*86 ft., altitude 
at Preston 68*1 ft., highest point at top of Shap 916ft., 
altitude at Carlisle 67*6 ft. The approach to Shap 


Table 12. 


Pennsylvania Railway Tests on Steam Locomotives. 




Type of 
locomotive 

Weight of 
eagiae 

Average speed 
during test 

Avemge B.Th.U.’s 
por ib. of fuel 

Thermal efficiency 

Date of tests 

Namber of tests 

draw*bar 

h.p.-hours 

i.h p.-hours 

Feb.-April 1918 .. 

39 

2-10-0 

tons 

166 

m.p.h. 

16*26 

B.Th.U.’sperlb. 

13 480 

percent 

6*4 

per cent 

7*4 

Feb.-April 1918 .. 

28 

2-10-0 

166 

18*76 

16 116 

4*6 

5*6 

Oct.-Dec. 1914 

29 

2—8—2 

141 

19*26 

13 980 

6*5 

6*4 

Oct.-Nov. 1914 .. 

34 

4-6-2 

138 

52*00 

14 600 

6*6 

7*9 

Oct. 1814 to April 
1918 

130 

— 

162 

26*4 

14 019 

6*7 

6*8 


electric locomotive, this being more than capable of 
dealing with requirements. 

Tractive resistance. —^The total tractive resistance of 
the electric locomotive is obtained by the addition of 
the following;— 

{a) Resistance of the locomotive as a vehicle, taken 
from Fig. 5, curve 3. This curve is an average 
of the results given by Mr. Carus Wilson and 
Mr. Carter, and does not include the resistance 
of gears and motor bearings (this resistance 
being included in the overall efficiency of 
68 * 6 per cent from power station to tread of 
„ driving wheel). 

(b) Resistance due to gradient, etc. 

Coal consumption. —^The coal consumption at the 
power station is arrived at by taking the total h.p.-hours 
required for the engine and train, converted to kilowatt- 
hours, and an overall efficiency of 66*6 per’ cent has 
been taken to obtain the equiveil^t kWh at the power 
station. , 

A figure of 1-98 lb. of coal per kWh output from the 
station has been used (Daltnamock power stsftion, 


on the outward and return journeys is shown clearly 
in Figs. 3 and 4. 

Passenger runs. 90*1 miles—^Preston to Carlisle. 

Goods runs. 90 miles—Preston to Carlisle. 

The Pennsylvania Railway Company, from their 
rciary testing plant at Altoona, publish the results*, 
of tests on various steam locomotives as shown in 
Table 12. The columns giving the thermal efficiencies, 
are calculated on the dry coal consumed during the 
test. It will be noticed that these figures are higher 
than those given by the author, this being probably 
due to:— 

(а) Higher boiler pressure—260 lb. per sq. in. (against. 

180 lb. per sq. in.) ; 

(б) The resistance at given speeds of leading, trailing 

and tender wheels has not to be overcome on 
a rotary test plant; 

(c) resistance due to curves, wind pressure, or 
track depression; 

{d) The tests were carried out with full throttle- 
opening and later cut off ; 

{e) Dry fuel. 
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APPENDIX 5. 

Estimate of Reduction in Coal Consumption to 
BE Effected by Electric Traction on all Rail¬ 
ways IN Great Britain. • 

Total engine-miles of standard gauge in 

1922 in Great Britain s= 504 916 311 

Average coal consumption per engine- 
mile for all services = 54*04 lb. 


Total ton-miles per annum = 308*5 x 501 916 311 

= 155 400 millions 
Watt-hours per ton-mile = 30 
Efficiency =66*6 per cent 

Therefore watt-hours per ton-mile at^ower station = 46. 
Coal consumed =1*98 lb. per unit. 

Therefore total coal ^ 

155 400 000 000 X 45 X 


1*98 


= 6 180 000 tons 


1 000 X 2 240 
Average saving per annum in coal = 6 010 000 tons. 


_ , 1 ^ 504 916 311 x 64*04 

Therefore total coal consumed -- 

2 240 

= 12 193 776 tons 

or, say, 12 195 000 tons, costing £14 816 177. 

Total standard-gauge mileage in Great 
Britain, excluding sidings = 35 088 

If the coal consumption is 54 lb. per 
engine-mile and 0*176 lb. of coal per 
. gross ton-mile, then gross weight of 
train is 64/0*175 = 308*6 tons 


Coal Consumed on Railways in Great Britain in 
Relation to the Coal Raised in Great Britain, 1922. 

Total coal raised in Great Britain 
in 1922 = 249 607 000 tons 

Coal used for railway operation = 12193 776 tons 

Coal used for railway operation represents «4*9 per 
cent of coal raised. 

Coal saved by electrification of railways = 6 010 000 
tons. 

Coal saved by electrification of railways represents 
2*4 per cent of coal raised. 


Discussion before The Institution, 27 March, 1924. 


Mr. R. T. Smith: The author claims that the density 
of main-line traffic is greater than that of the cor¬ 
responding suburban traffic, and he states one reason 
for this to be the fact that trains on a busy main line 
are running throughout the 24 hours, whereas on the 
suburban lines they are limited to 17 or 19 hours. He 
gives his unit of comparison of cost as the engine-mile. 
Personally I have always considered that any unit of 
comparison for electrification should be on the basis of 
the engine, but I doubt if the engine-mile is the most 
convenient unit. As the author points out, it takes 
no account of speed, or weight, or number of stops. It 
is extraordinarily difficult to manufacture any unit 
which will allow a satisfactory comparison to be made 
between the cost of different traffics. Probably the 
best unit would be some such compound unit as “ ton- 
miles per engine-hour.** Although I have not worked 
out the author's figures on that basis, I have found 
that such a unit gives much more uniform results. 
However, properly interpreted the engine-mile is quite 
a satisfactory unit of cost. The author's unit of density 
is the trailing ton-miles per mile of track per annum, 
but the engine-miles per track-mile per annum, from 
which his unit is derived simply by multiplying by an 
assumed constant weight of train, appears to me to 
be really a more convenient unit to ^eal with. It is 
very inconvenient to deal with a unit which is in 
millions. Table 7 gives actual stesi-m-locomotive test 
figures compared with partly assumed and partly actual 
electric locomotive figures, and the comparison between 
steam and electric locomotives in Fig, 8 for various 
traffic densities is based on certain assumptions which 
are now, I think, quite agreed among electrical e^ineers. 
On pages 749 and 760 the author summarizes the con¬ 
clusions which he’draws from the figures given, namely 
that it would pay to electrify main lines above a certain 
density of traffic, which comes out at above 3 million 


trailing ton-miles per mile of track per annum. The 
author omits to mention, however, the great traffic 
advantage of the speed characteristic of the electric 
motor as compared with that of the steam engine. 
This has been specially brought out on the Italian 
State Railways, where nearly all the electrification is 
tloree-phase with two fixed speeds, although four speeds 
can be used where necessary. It was thought at first 
that uniform speed was a disadvantage, but it was 
found that the constant speed and the fact that, for 
most of the traffic, the speed of the slow freighf traffic 
was half that of the fast traffic, was most satisfactory. 
It has been pointed out that one of the advantages of 
electrification on main lines even with direct current 
is that all the passenger traffic can be run at practically 
one speed and all the freight traffic at half that speed. 
In view of these and other advantages, and the fact 
that France contemplates electrifying in its complete 
programme 6 600 miles of track (or one-third of the 
whole of the railways in France), that Italy contem¬ 
plates electrifying 2 800 miles of track, and that 
Switzerland within a few years will have electrified 
I 000 miles, how is it that we have comparatively no 
main-line electrification in this country ? The first *and 
obvious answer is that in all those countries, even in 
the greater part of France, coal is an import, while 
there is sufficient water power to run the railways, an! 
it is worth while to do so from the national point o5 view 
simply to prevent the import of coal. Apart frftm that, 
however, I cannot but feel that electrification is going 
on in those countries largely because it has become 
the fashion. Railway electrical engineers are, I think, 
more or less convinced that beyond a certain density 
it would pay to electrify main lines in this country; 

. but the traffic officers are not yet convinced, and a good 
many of the traffic officers do not want to be bothered 
with* it. I am quite convinced that if any one traffic 
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officer could He induced to put his heart into the thing 
—^because, it is to be noted, nearly all the real troubles 
devolve on the traffic officers, and it is they who will 
have to change their methods—and if the fashion could 
be set by one railway starting any considerable amount 
of main-line electrification, the rest of the railways 
would follow suit. • 

Mr. F. Lydall: The question of the unit of com¬ 
parison to be adopted is an important one, and I should 
like to support the author in bringing forward the unit 
of trailing ton-miles per track-mile/* It is true that 
it is rather a clumsy expression, especially in comparison 
with the simple straightforward unit of " engine-mile,” 
but, after all, one cannot get very far in considering 
any scheme without leaving aside the engine-miles and 
studying the actual ton-mileage. Ton-mileage repre¬ 
sents the work vrhich is to be done ; the engine mileage 
can onfy do so on a convenient convention that to 
every engine is allotted a certain tonnage haul. There¬ 
fore, whatever may be the general practice, the unit 
of ton-mileage to be hauled must be used and developed. 
The author gives certain figures of average tonnage 
behind the draw-bar, and those of us who follow the 
developments in other countries, especially in the 
United States, must be struck by the extraordinary 
difference that there is between these weights and those 
which are hauled on other lines. Railway engineers 
in the United States are getting accustomed to talking 
of loads of 2 000 to 5 000 tons. The figures given by 
the author for British railways are perhaps a quarter 
or a fifth of those. I suppose it is not unreasonable to 
hope, however, that some day, even in this country, 
we shall develop to a point at which we shall have a 
substantial increase of the loads which tlie author has 
mentioned. We cannot go on for ever economically 
hauling 200 or 300 tons of goods with a single engine, 
a guard, and all the other necessary accompaniments 
to a complete train. When the time comes for the 
average load to be doubled, trebled, or even quadrupled, 
any comparison on the basis of engine-miles at that 
time with figures of engine-miles at the present time 
will be completely fallacious. On the other hand, the 
comparison on the basis of trailing ton-miles will remain 
exactly the same. The author sets out very convincingly 
the relative advantages and disadvantages of electric 
and steam locomotives. Practically the only disad¬ 
vantage of the electric locomotive that he mentions is 
that a large number of units may be immobilized owing 
to the failure of the electric supply. That is perfectly 
true, but the whole question is what weight to attach 
to that particular disadvantage : how often have a large 
number of electric locomotives been immobilized for 
this reason ? I had occasion about three years ago to 
consider such a point as this, and I was able to obtain, 
througlf the kindness of the engineers of the Newcastle 
Electric Supply Co., some information as to the operation 
of the Tyneside lines of the North-Eastern Railway 
which receive power from the Newcastle Supply Co.*s 
system, and also the mineral line between Shildon and 
Newport. The records were for a period from 1906 
until 1920 and the result was that, on the*»average, so 
r as the Tyneside line was concerned, there was 
interruption of traffic, due to disturbance in the 


high-tension supply to the substations, on the average 
only once every two years, and the duration of those 
interruptions was quite short—a few minutes only. 
The experience with regard to the Shildon and Newport 
line for five years was much better, and therefore it 
was not considered worth while to go through all the 
records and take out the figures. I have no doubt that 
the record for the last five years only would be con¬ 
siderably better than that. I think, therefore, that 
one may claim that on a modern power system, developed 
in modem ways with protective apparatus and an 
extensive network, and so on, the interruptions of supply 
causing stoppage of traffic can be regarded as being 
genuinely negligible. I should like to ask the* author 
what curve 1 in Fig. 6 represents. I take it that the 
train resistance of a steam locomotive is derived from 
the difference between the indicated horse-power and 
the draw-bar horse-power. On the other hand, I suppose 
that the train resistance of an electric locomotive is 
derived from the difference between the brake horse¬ 
power exerted by the motors at the treads of the driving 
wheels, and the draw-bar horse-power. Again, the 
resistance of a 10-ton wagon (curve 2) at one par¬ 
ticular point is given as 15 lb. per ton at 40 m.p.h. This 
question of train resistance is a very difficult matter, 
owing largely to the diversity of conditions under 
which the tests have been made, and the difficulty of 
correctly interpreting the results obtained. I had an 
opportunity in South Africa a few years ago of carrying 
out some very careful tests on goods trains, under con¬ 
ditions rather different perhaps from those customary 
in this country, but I found that there was a very 
marked difference indeed between the train resistance 
of a goods wagon when it was fully loaded and when 
it was empty. A goods wagon in South Africa is usually 
a four-wheeled, double-bogie wagon. On the occasion 
when I made the test the average load per axle varied 
between 11 short tons and 3 * 4 short tons; that is to 
say, the 11 tons represented a loaded 44-ton wagon 
and the 3*4 tons represented the same wagon empty. 
The train resistance of the loaded wagon was only 
about 8 to 9 lb. per ton at 40 m.p.h. The resistance 
of the same wagon when running light at the same speed 
was between 24 and 26 lb. per ton. The difference 
between these figures shows that a good deal of care 
has to be taken in referring to the train resistance of 
wagons, because the weight of the wagon itself varies 
so much. I should be glad if the author would indicate 
under what conditions curve 2 (which refers to the 
10-ton wagons) was taken. Again, curve 4 represents 
the train resistance of a 435-ton passenger train. In 
my experience, ^he train resistance there shown cor¬ 
responding to 60 m.p.h., viz. 16 lb. per* ton, seems to 
be rather high. Possibly the author has,.intentionally 
included a considerable margin for bad weather condi¬ 
tions. A test was made some few years ago on the 
New York Central Railway with one of their gearless 
locomotives and 9 passenger cars. At 80 m.p.h. the 
train resistance was 11*4 lb. per short ton, which is 
very much lower than the figures given by the author. 
These figures of train resistance are of great importance 
when studying the electrification of a main line, because 
they vitally affect the calculation of energy con- 
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sumption. On a straight run, with no complications, 
no curves, no starts, no stops and no gradient, the 
watt-hours per ton-mile at the draw-bar are directly 
proportional to the train resistance. In fact, watt- 
hours = (train-resistance in lb. per ton x 2). For 
example,* if the train-resistance is 10 lb. per ton, the 
number of watt-hoiirs per ton-mile is exactly 20. In 
Appendix 1 the ^futhor gives some valuable information 
in regard to the mileage worked by electric locomotives, 
and the corresponding reduction which is possible in the 
number of locomotives on an electrified line compared 
with steam-working. A statement was recently issued, 
with regard to the electric locomotives on the New 
York, New Haven and Hartford Railway, to the effect 
that for the last 17 years, 41 single-phase locomotives 
constructed by the Baldwin and Westinghouse Com¬ 
panies had each of them on the average worked more 
than 70 000 miles per annum. On the St. Gothard 
line some electric locomotives doing three shifts per 
day of 24 hours—that is to say, assuming there is not 
far short of 8 hours per shift, they practically work all 
round the clock—accomplish 435 miles in the 24 hours. 
The Chicago, Milwaukee and St. Paul Railway has 
published certain figures which are not mentioned by 
the author. Mr. Storer stated in 1921 that the record 
for a continuous 24-hour run on one of the passenger 
locomotives supplied by his company to this railway 
was 766 miles. Soon after that a statement was made 
in the Railway Gazette to the effect that '' the electric 
passenger locomotives put into service a year ago make 
440 miles run with one engine. During this run they 
stop at Deer Lodge and change crews. The locomotives 
are taken off for shop inspection after a mileage varying 
from 3 000 miles to 6 000 miles, that is, they are 
inspected every 8 or 10 shifts. Under this operation 
locomotives have been making records of from 10 000 
to 11 000 revenue miles per month.*' Those figures, of 
course, are very high compared with any figures that can 
be obtained in connection with steam locomotives. 
The only conclusion one can come to with regard to 
electric locomotives is that the mileage which they 
can run in the year depends mainly upon the oppor¬ 
tunity they have for doing work. If traffic arrange¬ 
ments are suitable, the electric locomotive can, I have 
no doubt, do anything up to 100 000 miles per annun^. 
If the traffic arrangements are not suitable, it is obvious 
that, due to long periods of lie-over, fluctuation of 
traffic and so on, the mileage per locomotive is pro¬ 
portionately reduced, 

Mr. F. W. Garter: The author mentions on page 739 
that his costs of fuel, and so on, are based on three- 
phase generation, overhead line transmission, conversion 
by mercury-arc rectifier, and third-rail distribution to 
train. Of course some of these factors might be varied 
without making any particular difference to the results 
given in the paper. The author mentions on page 748, 
however, that overhead transmission lines should be 
taken separately to the substations and not run along 
the track. I think that the expense would thefeby be 
considerably increased. The author takes the cost of 
third-rail track equipment in Table 9 as £2 600 per 
mile, which is, I think, a reasonable figure as it includes 
special work, but I am not sure whether it includes 


the moving of the signal rods and other obstacles, 
which often adds considerably to the cost of the elec¬ 
trification. Whether one uses a third rail or an over¬ 
head line is largely a matter of opinion, and probably 
both will be used on main-line railways in different 
parts of the country. In Tables the author gives the 
cost of electrical energy delivered to the high-tension 
lines. Is the last column but one, headed ” Typical 
railway power station supplying suburban eleclxifica- 
tion," based on an actual case or are the figures 
estimates ? In Fig. 8 the author gives certain curves 
showing the reduction in operating expense in electrical 
working as compared with steam, the price of energy 
being assumed to be 0*4d. and 0*6d. per unit, and I 
am pleased to see that even in the latter case he makes 
out a very good case for electrification on most of our 
main-line railways. In Table 6 he gives efficiency 
figures which do not agree witli Mr. Roger Smith’s and 
Mr. Parodi’s figures as regards transformation and con¬ 
version. I think, however, that the author’s figures 
are probably the more correct, i.e. that the efficiency 
of transformation is higher than is generally supposed. 
Take, for instance, a unit consisting of a rotary con¬ 
verter, with transformers, which is in service represented 
t 3 ^ically by one hour without load, one hour at one- 
tenth load, one hour at half load and one hour at full 
load, with overall efficiencies given in the table below. 
The total energy output (i.e. load X hours) is 1*6 and 
the input 1*774. The average efficiency of transforma¬ 
tion is therefore 90*2 per cent, with a load factor of 
40 per cent.* The main value of the paper in .my view 
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lies in the connection that it establishes between steam 
and electric working, largely as a result of the careful 
train tests recorded in Table 7. 

Mr. J. S. Highfield ; I agree with Mr. Roger Smith 
that it is a matter of the first importance to interest 
traffic officers in the value of electrification from a 
traffic point of view. The author’s figures showing the 
saving in cost by electrification are, of course, of grea^ 
importance, but, even talcing into consideration all 
that Mr. Lydall has said in regard to the long life of 
electric locomotives and their capacity to run so many 
hours of the year, I do not think it at all likely that 
electrification will be adopted merely to reduce the 
working expenses. Of course, part of the saving consists 
in reducing the consumption of coal to approximately 
one-half as compared with steam locomotives, and this, 
possibly, might be- held to be a matter of national 
importance, but I do not think so. Therefore, we must 

* F. W. Carter: “Railway ElectricTractioa” (page 882). 
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look to othe* reasons than merely the saving in cost 
for carrying out main-line electrification. If we consider 
suburban railways, the main reason for electrifying 
was to enable the Ijnes to carry heavier traffic. Either 
the traffic grew from natural causes or, alternatively, it 
was considered that t^e electrification of a particular 
line would lead to greater traffic, and this has proved 
to be true in every case where suburban railways have 
been electrified. We have no examples of main-line 
electrification in this country, but if we study the causes 
that have brought about main-line electrification on 
the Continent, we find that, in Nortliem Italy for 
example, the chief causes were, first, the desire to use 
water power; secondly, that the load which many 
of the bridges could carry was strictly limited and, 
consequently, the weight of steam locomotives could 
not be increased to deal •with additional traffic; and 
thirdly, that electric locomotives enabled greater loads 
to be carried at higher speeds without the expense 
involved in strengthening the bridges. In France, 
again, there was the desire to use water power to 
provide a broadcast system of electric distribution for 
other purposes, and this S 3 ^tem naturally worked in 
well with the development of water power for railway 
purposes. There was, in short, a combined desire to 
supply the country with cheap electricity developed 
from water power and to run the railways without the 
necessity of importing coal. Also in Japan, where the 
gauge is 3 ft. 6 in., the easiest method of increasing 
the carrying capacity of the lines was to electrify in 
all cases. Therefore, there were extraneous reasons for 
carrying out electrification, apart from the mere saving 
in cost. I understand that in all these cases numerous 
other advantages have resulted, such as increased 
carrying capacity and increased speed, I think it likely 
that main-line dectrification in this country will ulti¬ 
mately be forced on the railways in order to enable 
existing terminals and tracks to deal with the heavier 
traffic and at increased speed. No doubt the increased 
speed and facilities generally will again react by increasing 
the traffic, 

Mr. A. E* Jackson; * The author gives on page 729 
a definition of the engine mileage on a system as the 
actual number of miles run by all steam tractors whether 
hauling trains or running light. I should like to ask 
him whether the steam-locomotive engine-mile men¬ 
tioned in Tables 1 and 3 is the gross mileage (i.e. all 
mileage including running for locomotive requirements) 
or ^whether it is a net mileage. It would not be fair 
to compare the cost per gross steam-engine-mile -with 
the cost per electric train-mile. I take it that the last 
^olumn of Table 1 should in any case refer to the net 
train mileage. In Table 3 the cost per engine-mile of 
superinjendence is compared for steam and electric 
working, and it is stated that there is No change ; 
but surely if the electric locomotive performs double 
the mileage per day that a steam locomotive does, the 
cost of superintendence would be reduced, if not by 
half, at any rate to a very great extent. With regard 
to the general question of electrification, the author on 
jage 765 says that the resulting saving in coal is over 

♦ la addition to mking these remarks, Mr. Jackson read S8: Philip 
«Da\Vson’s oontrihatioh to the discussion (see pa^e 758, col. 2). 


6 million tons per annum. If that is so, it seems to 
me that this is really a national question apart from all . 
other aspects. It may be noted that this quantity of 
coal would be capable of generating some 7 000 million 
units of electricity per annum. 

Mr. R. Brooks : One vefy important point which 
the author makes, and one which I had not quite 
appreciated before, is that the density of main-line 
sections is very much in excess of the traffic density 
on suburban sections which have already been electrified 
most successfully. The question of standardization has 
already been mentioned in the course of previous dis¬ 
cussions. In most cases the criticism was aimed largely 
at the manufacturers, but I think that early standardiza¬ 
tion is to be avoided. Closely bound up with this 
question of standardization is the matter of simplicity 
of equipment. It seems to me that very soon we shall 
be prepared to sacrifice, for the sake of getting simplicity 
and robustness of equipment, a great many of the refine¬ 
ments which are being demanded at the present moment. 
After all, we use electrical equipment for the sake of 
getting efficient transportation, and our whole energies 
should be directed towards obtaining an equipment 
which will have the minimum of parts and the minimum 
of complexi’ty to achieve that object. The author 
mentions different types of locomotives which may be 
used to meet the different services, and deals solely 
with four-motor combinations. This is sound in so far 
as ob'taining a standard type of control is concerned— 
and that is very important. One has to consider the 
different capacities of the motor which will have to be 
controlled and, although it may at first sight seem 
difficult, it should be perfectly possible, with a properly- 
designed line of apparatus, to retain the advantages 
of the unit form of construction—to retain the major 
elements of the equipment exactly the same, and simply 
vary the copper content to meet the different require¬ 
ments of current capacity. The author’s summarized 
conclusions give a very clear picture of what may 
reasonably be expected from the electrification of main 
lines. When we consider how conservatively he has 
arrived at his figures, and the fact that he has not 
claimed any of the traffic advantages which have always 
followed the suburban electrifications, we cannot help 
feeling that his conclusion in the body of the paper 
might perhaps have been expressed somewhat more 
strongly than it has been. We have got beyond the 
region of general considerations and general investiga¬ 
tions, and the time wshould soon be ripe for our railway 
authorities to investigate particular sections with a 
definite view to electrffication. In conclusion I submit 
that the electrid" locomotive is no longer an experiment. 
Where it has been adopted under proper conditions it is 
an established and unqualified success," and further 
hesitation seems to me to savour too much of that 
over-caution generally attributed to my own country¬ 
men. The record of the work already done justifies the 
belief that the success which has followed electrification 
elsewh^e may also reasonably be expected in this 
country. 

Sir Philip Dawson {communicated ): I am sorry that 
the author has not given calculations for a concrete 
case and that the figures arrived at are only of a general 
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nature based on assumptions similar to those contained 
in another paper by Mr. Roger Smith, dealing with the 
same subject. I also regret that in treating the problem 
of main-line electrification the assumption that there is 
only one system available as regards type of current, 
working pressure and contact system, has once more 
been made. All who have investigated in detail the 
subject of main-line electrification know that much 
higher line pressures than those contemplated by the 
author are essential if the system is to be applied in a 
general way. Also it is to be regretted that in referring 
to electrification in Europe the author only quotes 
French practice, having regard to the limited experience 
so far obtained in that country and to the very extended 
experience in all varieties of main-line electrification 
available in Italy, Austria, Switzerland, Germany and 
Sweden. The map exhibited at the meeting shows the 
extent of railway electrification in these countries as 
compared with that in France. Until further experience 
is available I should also myself hesitate to regard the 
.mercury rectifier as being necessarily the right thing 
to adopt in connection with main-line electrification in 
this country. The introduction of the transverter may 
materially alter conditions, and I am not at all sure 
that it will not militate in favour of high-tension a.c. 
traction. As, however, the object of this paper is, I 
take it, to show that main-line electrification may not 
only prove desirable but may be essential, and not 
merely to favour one system against all others, I endorse 
all that the author has put forward in favour of main¬ 
line electrification in this country. I am convinced 
that there are many main-line sections on British 
railways where electrification would prove a great 
financial success. It is unfortunate, but nevertheless 
true, that grouping has reacted unfavourably on the 
prospects of electrification, to the great disadvantage 
of the public and of our industries. The moving spirits 
of those railways which but for the grouping would 
have been in the course of carrying out not only 
suburban but also main-line electrification have dis¬ 
appeared. Sir Henry Thornton and Lord Claud 
Hamilton had decided to electrify the whole suburban 
area around Liverpool-street. Sir Vincent Raven and 
his advisers had prepared a complete scheme for elec- 
trif 3 dng the main line from York to Newcastle. The 
late Lord Bessborough, Mr. Charles Macrae and ^ir 
William Forbes had told their shareholders that tliey 
intended to electrify not only the whole of their suburban 
system but also the main line to Brighton, Worthing 
and Eastbourne. Indeed, the adoption of the single¬ 
phase system was based on the express intention to 
electrify the main line. Before tlie the Caledonian 
Railway was considering the electrification of its system 
around Glasgow. Now that grouping is completed, we 
find that the London and North-Eastern Railway not 
only has no intention of electrifying the main line from 
York to Newcastle but do not intend to electrify the 
suburban sections around Liverpool-street and to 
Tilbury, and the Chairman of the North-Easteri* Railway 
Company, although not satisfied with conditions on the 
suburban lines, can see no immediate cure except by 
carrying out widenings and reverting to the policy of 
railways 20 3 »-ears ago in the early*days of tramway and 


motor-omnibus competition. Having Regard to the 
importance of the problem, a few conclusions resulting 
from a complete investigation that I carried out in 
co-operation with the Lo(iomotive^ Goods, Accountancy 
and Traffic Departments of the London, Brighton and 
South Coast Railway, and approved by all the depart¬ 
ments concerned, may not be without interest, particu¬ 
larly as this investigation was subsequently checked 
by the highest Continental authority on this subject, 
who sent over a staff of engineers and, after investigating 
the whole problem, confirmed the conclusions at which 
I had arrived. This double inve.stigation took nearly 
two years to complete and was carried out in the greatest 
detail, involving the preparation of a complete scheme 
for electrification in all its details. All the figures were 
based on statistics for 1920 and 1921 and the summer 
of 1922. The investigation comprised (a) j:he elec¬ 
trification of the whole suburban system, all goods and 
main-line trains being run by steam; and, alternatively, 
(&) the electrification of all services in the suburban 
area and on the main line as far as Lewes, Brighton 
and Wortliing. The basis on which calculations for the 
capital knd operating costs were made was that the 
seat-miles per annum should be increased by 140 per 
cent for the suburban and 70 per cent for the main line, 
this being obtained by more frequent services and by 
operating the trains at the various hours of the day to 
meet the passengers to be accommodated. It was 
shown that an increase in gross receipts of 68 per cent 
on the suburban and 29 per cent on the main line would 
give a return of over 8 per cent on the capital involved, 
and for an increase of 100 per cent on the suburban 
and 60 per cent on the main line—^which the manage¬ 
ment was convinced would be achieved—a return of 
15 per cent would be obtained. The plant provided 
and the operating costs included, for both q^ses, an 
increase in travelling facilities of 140 per cent on the 
suburban and 70 per cent on the main line. The capital 
expenditure provided for:— 

The electrical equipment of all tracks and sidings; 
the transmission lines and substations; altering 
telephones and telegraph circuits and signalling 
system, comprising in all the equipment of (in 
round figures) 500 miles of single track. 

All the motor coaches and electric locomotives 
required, no allowance being made for the value 
of the steam locomotives going out of service. 

Wiring of trailer coaches and electrical equipment of 
driving trailers. • 

Necessary additional repair shops and carriage sheds. 

Alterations to tracks, stations and bridges rendered 
necessary by electrification. 

Additional track facilities, junctions and other per¬ 
manent way and station alterations re^^uired to 
handle increased traffic. 

Engineering and unforeseen expenses were added 
to the total costs mentioned above, and interest 
during construction was also provided for. The total 
figure on the above basis came out (at costs then 
prevailing) at, in round figures, £11 800 000. A 
comparison was first made on the basis of electricity 
repfacing the existing steam services, no increase being 
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provided for. This is an absurd assumption and 
unfavourable to electrification, as the reduction in the 
capital cost is relatively small compared with that 
required to increase^the traffic as provided for in the 
estimates. Even under these conditions, however, a net 
annual saving in total ojerating costs of £626 700 was 
shown over steam. If it were possible—^which it is 
not (without the heavy capital expenditure required 
for very greatly increasing the track facilities)—to 
increase the steam services to the same extent as the 
electric services provided by the full scheme, then 
there was shown a saving in operating expenses of 
£1 608 000 in favour of electric haulage. On the basis 
of electrifying the suburban and main line already 
referred to, a balance sheet was drawn up supposing that 
the proposals had been in operation in 1921, allowance 
being made for increase in maintenance of ways and 
works, carriages and of all portions where electric 
equipment as well as the increased service would increase 
the expenditure. This showed, based on 140 per cent 
increase on suburban and 70 per cent on main-line 
facilities, an increase in net receipts above those with 
the existing steam plant of over two million pounds. 
The most interesting part of the investigation was 
that it proved conclusively that by far the best paying 
portion of the whole proposition was the electrification 
of th main line to Brighton, as will be shown by the 
following figures:— 

The ratio of the capital required for the suburban 
electrification to the additional capital required to 
electrify to Brighton was 7:4. 

The ratio of the total operating costs of the suburban 
to the main-line service was 7:3. 

And the ratio of the net receipts arising from an 
increase in gross receipts of twice as much on the 
suburban as on the main line was 7:6. 

This shows that the increase in the net receipts on 
the main line is in a greater ratio in actual money than 
the capital and operating costs, and the main line is 
therefore by far the most remunerative portion of the 
electrification. In taking, for purposes of comparison, 
the average steam locomotive costs over the whole 
railway, there is, I think, a great danger of drawing 
false conclusions and, further, of presenting the case 
of main-line electrification in a much less favourable 
light than it would appear had the comparison been 
made with the actual costs of steam-working on those 
portions of the system for which electrification could 
be profitably considered. I think it is unfortunate 
that anyone casually looking at Tables 10 and 11 would 
d$aw conclusions adverse to main-line electrification, 
due t 9 the fact that the figures are based on averages 
over the#whole system, and no one at the present time 
would contemplate the electrification of all the railway 
systems of the country. The investigation which I 
carried out showed clearly that it was not safe to base 
conclusions on average steam locomotive costs, and that, 
including the cost of drivers and stokers and also of 
guards and shunters, there was a very large difference 
in the locomotive costs per train-mile for suburban, 
main-line, local goods, shunting and main-line gpods 
trains. On the line that I had under consideration 


the passenger traffic was by far the greatest. The total 
passenger traffic on the line proposed to be electrified 
amounted to just over million train-miles, as com¬ 
pared with If million train-miles for goods. The local 
lines accounted for #836 million ton-miles for passenger 
and 129 million ton-miles for goods services; and the 
main line for 1 237 million ton-miles for passenger and 
416 million ton-miles for goods services^ It may be of 
interest to state that the electrification of the main 
line as proposed only involved two substations in 
addition to those required for the purely suburban 
services. The results recently published by Dr. Wech- 
mann, the Chief Electrical Engineer of the German 
Federal Railways operating the electrified line Halle— 
Madgeburg—Leipzig, fully confirm the great financial 
benefits to be derived from main-line electrification 
over level country and where electric power is generated 
by steam. 'The results which I have investigated in the 
United States and those achieved on the Continent of 
Europe, where main-line electrification is much more 
advanced than in America, clearly demonstrate the great 
benefits which under suitable conditions may be expected 
in this country. Incidentally, it may be mentioned 
that the electrification of the Liverpool-street terminus 
in London would render free for building purposes an 
area of some 10 acres in the heart of the City of London 
of a monetary value which cannot be ignored. The 
electrification of the Birmingham area would also render 
it possible to build over the approach to New-street 
Station, and many other similar examples will at once 
suggest themselves. Such advantages indirectly result¬ 
ing from electrification are well realized in America, 
as evidenced by the Pennsylvania and New Yorlc 
Railway terminal buildings in New York City. 

Mr. F. Gill {communicated) : The author hurts a 
good cause by saying: “ It is an almost essential 
condition of successful financial results in main-line 
electrification that the provision of the electric loco¬ 
motive stock should be chargeable to revenue ” (see 
Appendix 2). While there are probably errors in the 
detailed application of what follows, it shows the correct 
approach to this part of the problem. Taking the 
first cost of the freight electric and steam engines in 
this appendix, viz. £9 780 and £6 240, and assuming 
that 100 of these steam locomotives are to be superseded 
at the same time, such an operation would need £978 COO, 
less what was obtained from the sale of the old steam 
locomotives, and it would apparently be an impossible 
proposition, as well as an unsound one, to charge this 
amount to revenue. A company is entitled to charge 
to capital that which fairly represents its assets; at 
the end of the asSumed transaction, therefore, the first 
cost of the displaced steam locomotives should not be 
represented in the capital account and th& entire first 
cost of the new electric locomotives should be so 
included. Taking the same 100 locomotives, this 
requires that the capital account be increased by 
. (£9 780 - £6 240) 100 = £364 000. The facilities (i.e. 
mileagef obtained by reason of the change has nothing 
whatever to do with this question of what it is proper 
to charge to capital. Let us make the following 
assumptions for each steam locomotive: First cost 
£6 240; life 40 yea«s; age 16 years; residual value 
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10 per cent; interest 6 per cent per annum; sale 
price at 16 years £2 080. Then the rate required for 
interest and depreciation (other charges such as taxes, 
insurance, etc., can be added as required) will be 
6• 7452 per cent per annum. At the^end of 16 years 

the amount in the depreciation fund £ 
for each such steam locomotive is 1 003 
and the unexpired value of the 
capital is .. .. .. .. 6 237 

- £6 240 

The selling price is .. .. .. 2 080 

There remains a wastage, due to the 
change (for -which provision must 
be made), of .. .. .. 3 167 

* - £5 237 

and for 100 such locomotives the 
present loss due to this wastage is £316 700 

To put the 100 electric locomotives into service 
requires an expenditure of £978 000, obtained as 
follows : 

From depreciation fund for 100 £ 

steam engines, each 16 years old 100 300 
From sale of 100 steam engines ,. 208 000 

From fund which is to cover 

wastage .. .. .. .. 315 700 

From new capital*. 364 000 

-£978 000 

The operation of the electric locomotives has to be 

sufficiently advantageous to pay off this present wastage 
loss, viz. £316 700, and its carrying cost, as well as 
support the charges due to increased capital, viz. 
£354 000. How long will it take to pay off the present 
wastage loss ? The answer is, in rather less than 
8 years; thus :— 

Mersey and North Wales (Liverpool) 

Mr. B. Welboum: The author has very wisely, I 
think, kept clear of all teclmical details in the paper 
and has taken it for granted that British engineers 
and firms are capable of undertaking the electrification 
of the British railways from start to finish as and when 
the demand arises. The real text around which thte 
paper is written is the paragraph in which -the author 
says : It will be necessary to consider quantitative 

figures, for the essence of the problem is financial, and 
the decision whether or not to electrify portions of the 
British main lines will rest with financiers rather than 
with technical experts/' The electrical engineers of 
this country have been convinced for some time past 
that a strong pase can be made out for the electrification 
of the main lines which carry considerable passenger and 
goods traffic, but I am not so sure that the mechanical 
engineers and traffic officials of the railway companies, 
who have to advise their directors, are yet fully converted 
from their natural prejudices in favour of th^ steam 
locomotive and that they believe that a change would 
be financially justified. I assume that one of the 
author's objects in initiating this further discussion on 
the subject is to obtain additional information and, 
VOL. 62. 


Present loss for 100 steam locomotives 

superseded. .. .. £315 700 

Added capital charges :— 

£364 000 at 6*7462 per-cent per annum 
= £20 338 • 

Present value (5 per cen^ 8 years, 

£20 338 x 6*46321 .. .. 131 449 

Total present value 8 years .. .. £447 149 

Against this we have :— 

Saving of, say, 4*74d. per engine-mile (see 
Table 10, 4 000 000 ton-miles) for 36 600 
miles (double that for the steam loco¬ 
motive, page 762) = £722*86 per electric 
locomotive per annum. 

Present value (6 per cent) 8 years for 100 

locomotives = 100 x 722*86 X 6*46321.. 467 193 

Present value of net saving in 8 years ., £20 044 

If these figures are correct, we may summarize thus :— 
To change 100 of these steam locomotives 

the additional capital required is .. .. £364 000 

The immediate wastage charge to be financed 

(ultimately chargeable against revenue) is £316 700 
This wastage charge, its carrying cost and 
the added capital charges (for the period) 

will be cleared off in .8 years 

After 8 years there will be a net saving per 
annum of ,. .. .. .. .. £61 947 

After paying off the wastage fund, the 
savings to the 20th year have a present 
value of .£331 674 

[The author's reply to this discussion will be found 
on page 774]. • 

Centre, at Liverpool, 17 March, 1924. 

with this object in view, I propose to give the following 
particulars of some of the benefits derived from the 
electrification of the Chicago, Milwaukee and St. Paul 
Railway which were supplied to me in America in 1922. 
The particulars of this electrification seem to me to be 
of very great importance, as it is the only example in 
the United States of America of the conversion of a 
portion of a transcontmental line. A route of 660 miles, 
equivalent to 860 miles of single track, has been 
equipped for 3 000-volt d.c. operation, and the following 
are some of the results :— 

[а) The trains operate with one-third less crews than 
formerly with steam, 

(б) 42 passenger, freight and switching locomotives 
replaced 120 steam locomotives on the Rocky Mountain 
and Missoula division and, in 1917, handled 60 per cent 
more business -than the steam locomotives handled 
in 1916. 

(c) 16 per cent of the company's freight cars on the 
division were released from hauling locomotive coal and 
were set free for earning purposes. 

[d) Two years' recent steam locomotive figures show* 
that they run a daily average of 73*4 miles and spend 

50 
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89 days per annum in the shops, whUe 16 to 28 per cent 
of the running time is taken in going to the ashpit on 
mountain grade work. The electric passenger loco¬ 
motives are maintgiining an average of 11 000 miles 
per month. 

{e) In 1921, steam locomotive maintenance cost 
33 cents per engine mile and the corresponding figure 
for the electric locomotive was 22 cents. 

(/) The savings in locomotive charges are of the order 
of 20 per cent. In 1915, the last year of steam working, 
the total locomotive charges including all fixed charges 
were $1*2034; per 1000 ton-miles, whereas the cor¬ 
responding figure for the electric locomotive in 1917 
was $0*9825. 

(^) The smoothness in running both up and down hill 
on heavy grades is very noticeable as compared with 
steam l^ulage. 

(h) The savings in brake shoes, wear on tyres and wear 
of the rails on curved track are quite appreciable. 

(i) The combined demand of the Chicago, Milwaukee 
and St. Paul Railway and the Butte, Anaconda and 
Pacific Railway is 71 000 h.p. and the power factor 
exceeds 90 per cent. 

{j) After allowing for all transformation losses, 11 per 
cent of the regenerated current is returned to the supply 
system. 

(A) Where regenerative control is employed, the 
electric locomotive driver has much more confidence in 
his locomotive than in a steam locomotive, because he 
has the whole of the air-brake system in reserve for 
emergencies. 

Mr. R. Livingstone: Having regard to the great 
care which has been taken by the author in the prepara¬ 
tion of his facts, it is gratifying to note that main-line 
electrification is now confirmed as being economically 
sound# It is natural for those associated with the 
manufacture of the apparatus required for the elec¬ 
trification of railways to be optimistic in their views 
on the economies effected, as they are not involved 
should the financial results be less than expected. At 
the same time, while this may be the tendency it is a 
short-sighted policy for any manufacturer to encourage 
the use of apparatus unless he is convinced that satis¬ 
faction will eventually be obtained by his customer 
and that the line of progress is sound from an engi¬ 
neering and commercial point of view. I fully appreciate 
the necessity in a paper of this kind of being conservative 
in one's estimate of the possible saving due to electri¬ 
fication, as in this country we cannot claim to have 
experience of the work involved in changing over and 
the cost of running a main-line electrification. We, as 
manufacturers in this country, have, however, been 
associated with main-line electrifications in New Zealand, 
Japan (for the Imperial Government Railway) and 
France (for the Midi Railway), in addition to which 
we are at the present time carrying out electrifications 
in France (Paris-Orleans), Holland (Noord Zuid), Spain 
(Cataluna), Canada, Japan, Morocco, Southern Railways, 
G.I.P., and South America (Campos de Jardao). The 
success of these \»arious electrifications has more than 
^come up to our expectations and, due to a fuller know¬ 
ledge of the problems associated with main-line elec¬ 
trification, we feel that it is not now necessary *to be 


as conservative in our engineering estimates as would 
be the case had the experience been confined to work 
done in this country alone. 

Comparative costs ,—^Reference is made in the paper to 
the present-day m^ket value of the steam locomotive, 
and an estimate is given of the cost of replacing these 
locomotives by electric locomotives. As, however, the 
railway companies build locomotives only for their own ^ 
use, their costing system is not one which is used by 
manufacturing concerns who have to judge their results 
on all costs which are incurred in manufacture. I am 
very doubtful whether a modem steam locomotive 
could be manufactured and sold by a trading concern 
at a price of £60 to £70 per ton (see page 731). It 
would appear that the steam locomotives are not debited 
with a proper proportion of the overhead charges of 
the railway organization. If, however, it is possible 
to build a complete steam locomotive at such a low 
figure as £60 per ton, there is no reason why a figure 
of £76 per ton should be taken for the electric loco¬ 
motive structure. I think, however, that the steam 
locomotive figures are probably on the low side, and 
that the cost of the electric locomotives are obtained 
from competitive figures. On checking the figures 
given for the cost per ton for electric locomotives I 
find that, although there are slight variations in the 
make-up, the average cost of the larger electric locomo¬ 
tives is about £130 per ton, i.e. slightly under the figure 
assumed in the paper. It is possible, of course, to have 
variations of this figure due to variations in the 
specification, but the comparisons given in the paper 
are, at any rate, in favour of the steam locomotive, 
rather than in favour of the electric locomotive, and 
still prove an economical case for electrification. 

Power of electric locomotives .—^The possibility of 
obtaining large power in proportion to the adhesive 
weight of an electric locomotive has already been 
thoroughly established. It may be of interest if I 
indicate here the amount of power which can be 
obtained in a motor mounted directly on a locomotive 
axle. We have built four 3 ft. 6 in, gauge locomotives * 
of the 4-6-0-0-6-4 type for the Imperial Government 
Railway of Japan, having a total weight of 99 tons 
and an adhesive weight of 74 tons, on which we have 
been able to obtain 306 h.p. per motor at the 1-hour 
fating, i.e. a total h.p. for the locomotive of 1 836. 
These locomotives give a maximum draw-bar pull of 
42 000 lb, and are arranged for double heading. We 
are also suppl 3 dng for the Montreal Harbour railway, 
which is standard gauge at 1 200 volts, locomotives of 
the 0-4-4-0 type weighing approximately 90 tons 
with an adhesive weight of. 90 tons, on which , we are 
installing four 430-h.p. motors (1-hour rating). This 
locomotive will give a maximum draw-bar pull of 30 tons 
taken at one-third of the adhesive weight, but the 
motors are sufficiently powerful to give a draw-bar pull 
of 46 tons. Samples of modem electric locomotives are 
given in Table A as an indication of the maximum 
draw-lwr pull possible. 

Additional traffic ,—It has been the general experience 
of railway services that passenger traffic increases after 
electrification, and, while this might not apply to any 
large extent to igfiain-line electrifications, it would 
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certainly apply to the suburban portfbns of these 
electrifications. Such increased traffic would certainly 
have a bearing on the minimum economic traffic density 
for electrification, as shown in Fig. 8. In addition to 
this, the reduction in many othei^ charges associated 
with railway working—such as reduced fire insurance, 
reduced accommodation for rolling stock, etc., together 
with the fact that the authorns estimates are already 
conservative—^would indicate a minimum traffic density 
of approximately 3 'million ton-miles per track-mile 
per annum as the density at which main-line electrifica¬ 
tion becomes economical. This figure would cover the 
majority of the railwa^^s given in Table 11. 

Mr • J. Dalziel: It cannot, I think, be gainsaid 
that the author has put forward a sound case for railway 
electrification. He has the advantage of access to a 
mass of information not available to everybody, and his 
knowledge of the subject and his railway experience 
have enabled him to interpret and to utilize fully this 
information. That the author*s investigations show a 
more favourable case for electrification from the financial 
point of view than some of us. have hitherto been able 
to attain is no doubt due in part to the closer estimates 
that he has been able to take out in the light of the 
information at his disposal, and in part also perhaps 
to his being able to put a valuation on advantages 
which we have hitherto had to pass by. I do not 
think, however, that he can be accused in any quarter 
of using figures that he cannot fully substantiate or that 
railway and electrical engineers generally would not be 
prepared to accept. That the paper is centred on 
finance and takes technics largely for granted not only 
is wise but marks a stage in the literature of electrifica¬ 
tion. That finance is the core of the whole matter is 
indisputable. Briefly, the difference between an d:ectric 
and a steam locomotive, so far as traffic operation is 
concerned, is that the electric locomotive has behind 
it the whole capacity of the power station and so can , 
draw therefrom, as and when it requires it, power to a 
vastly greater extent than is the case with a steam 
locomotive, the power capacity of which simply finds its 
limit in the steaming capacity of its boiler. An electric 
engine, therefore, can take heavier trains and handle 
them faster, especially up gradients, and can do so 
without necessarily being heavier than, or even as heavy 
• as, a steam engine. It is now nearly 14 years since in 
a paper before the Institution of Civil Engineers I 
showed that an electric engine up the 1 in 90 gradient 
of the Midland Derby-Manchester line could take a 
train nearly 40 per cent heavier than the maximum 
steam train at nearly three times the speed. This 
illustrates another aspect of electrification and another 
reason which may in some cases govern its adoption, 
viz. that of traffic advantage. Apart from the ba^s of 
economy on which the author argues, a scheme which 
offers traffic advantages, or in other words an added 
facility for doing business, may be adopted for these 
advantages, and they may exercise a more powerful 
leverage towards the adoption of electricity for traction 
than even the promise of fairly substantial economy. 
Clearly there are certain lines which axe approaching, 
or may before long approach, their limits of traffic-* 
carrying capacity, and on which it will be easi r and 
cheaper to get the required increase of capacity up to 
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double or irlfcre by means of electrification than by 
putting down additional road bed and tracks, the added 
electrification capacity coming, of course, from the 
above-mentioned ability tc^ handle heavier trains at 
higher speeds. The question of load factor raised in the 
paper is a very important matter in relation to the 
costs at which curreift can be purchased, and I am 
sure that the paper does not set the railway figures 
too high; in an analysis which I made of sections of 
the late Midland Railway I found figures as high and 
even higher. On a mixed-traffic main line the goods 
traffic moves mainly overnight, the passenger traffic in 
the daytime, and there is no dead period as on a 
suburban line. A four-track line is of course higher in 
load factor than a two-track line, also the longer the 
stretch of line dealt with from one power house the 
higher^the load factor; in fact the load factor of a 
single train could clearly be 100 per cent if the section 
were long enough. I entirely agree with the author 
that the full results from electrification cannot be 
obtained unless steam be completely eliminated on the 
electric section. If it is retained to even a very small 
extent a great many services will have to be retained 
which could be wiped out with full electrification, and 
these will be increasingly costly in proportion to the 
work they perform as that work becomes less. The 
lack of a tender on an electric locomotive is felt only 
in the one respect of braking; this means in effect that 
as the tender by its weight helps very appreciably to 
control the stopping of a train on gradients, its elimina¬ 
tion means a reduction in stopping power with an 
electric locomotive and presents a certain amount of 
difficulty in respect to the case for the latter. In my 
own paper already referred to I suggested, as does the 
present author, the fitting of a power pump in the 
brake-van so that a few of the rear-end vehicles could 
be controlled by power brakes and so make up for the 
loss of the tender. In my case I proposed an axle- 
driven pump and I thiiik that that would perhaps 
suffice. If so it would be somewhat simpler and cheaper 
than an electrically driven one with its concomitant 
apparatus, though it might require a larger reservoir. 
Referring to the author^s remarks on page 748 in regard 
to track equipment, I should like to ask why, since he 
must have short lengths of overhead conductors to help 
his third rail, he does not fully accept overhead con¬ 
ductors which will do all that he requires both on the 
main line and in sidings without requiring any assistance 
from a third rail. It seems to me that the proposed 
auxiliary lengths of overhead conductors with auto¬ 
matically raised and lowered bows will result in a very 
jgreat amount of breakages of bow gear, expecially at 
some bridges. In connection with line equipment both 
of the overhead and third-rail type whether worked at 
1 500 or, more especially, 3 000 volts, I should like to 
ask what drop may properly be accepted on an unin¬ 
sulated track return. It is a very important point 
which materially affects substation spacing and the 
amount and capacity of the return cables to be provided. 
The T-volt electrolysis standard does not, of course, 
enter into the matter outside city areas. 

Professor E. W. Marchant: One of the advantages 
of main-line electrification is the reduction which it 


effects in unnecessary manual labour. The stoker on 
the Euston-Liverpool evening train has to shovel in 
3 J hours more than 6 tons of coal on to the grate of the 
fire-box, throwing some of the coal 10 ft. or more. 
This is a very exhausting operation and automatic 
stokers are useles?. This unnecessary labour would be 
done away with altogether if electric traction were 
employed. The author makes no reference to regenera¬ 
tive braking. The amount of saving by regeneration 
has been discussed at various times and I understand 
that in some cases it is as high as 10-15 per cent; 
possibly the gradients on our railway lines are not 
steep enough to enable it to be used with advantage. 

Mr. J. A. Morton: If one accepts the author’s 
axioms then neither the logical argument as built up 
in the paper, nor his conclusions, can be escaped. One 
of his principal axioms is that electricity can be assumed 
to cost 0*4d. per unit. The paper does not state the 
basis cost of installed plant on which this price is figured. 
A figure of 8 per cent for interest and depreciation is 
taken. This appears to be low and should, I think, 
have an extra 2 per cent added to it for maintenance. 
The price of coal also seems low at 16s. per ton, especially 
when account is taken of the coal figures in Table 4, 
Assuming the generating plant to cost £20 per kW 
installed, 10 per cent for interest, depreciation and 
maintenance, and coal at 2 lb. per unit, then in a 
modem generating station one would expect that current 
could be generated at 0*4d, per unit, even with coal 
at, say, 22s. 6d. per ton. If the price of coal were 
assumed to be 30s. per ton this would become 0*6d. 
per unit, and I think that the author must have had 
this figure in his mind as being nearer the mark in 
view of the 0 • 6d.-per-unit curves in Fig. 8. To this 
figure the author adds 60 per cent to cover the loss in 
transmission from the power station to the wheel of 
the locomotive (see Table 6), but this is not sufficient 
because the load factor of the losses is less than the 
station load factor, as shown by Mr. J. R. Beard ♦ in 
1916. With a 60 per cent load factor at the power 
station, the load factor of the losses would be nearer 
35 per cent, and the extra for this would probably 
be about 0-06d. per unit. In this way one gets a 
figure of 0* 8d. as the cost per unit, as against the 0*6d. 
taken in column 16 of Table 9. Even allowing for this, 
however, it can be seen from Table 10 that any traffic 
density about equal to 3 000 000 trailing ton-miles per 
track-mile would be a paying proposition. On the 
other hand, some reductions might, I think, be made 
in the author’s estimates. In connection with Table 9 
it seems to me that the transmission line might be 
worked at 66 OfO volts just as well as at 44 000 volts, 
in which case the losses on this line would be nearly 
halved. It also appears that £2 000 per mile for the 
44 000-volt pole line, exclusive of copper, is much too 
high, and that £2 000 per mile for the cost of track 
equipment is on the safe side. This might be cheapened 
as to siding equipment by using creosoted wopd poles 
and oniinary tramway suspension arrangements instead 
of catenary suspension. Where necessary these wood 
poles on sidings can be stayed, as'I see no pbjection 

• ** Design of High-Pressnre Distribution Systems,*’ Journal 1916, 

vol. 64, p. 126. 



BRITISH RAILWAYS: DISCUSSION. 


765 


to staying along the siding tracks. This would cheapen 
the siding track equipment very considerably. The 
proportion of siding tracks is considerable. It ‘^ilso 
seems to me that for main-line working the distribution 
pressure might well be raised to 3 000 volts. This 
would of course mean overhead ^trolley equipment 
instead of a mixture of third-rail and overhead equip¬ 
ment, the thir<J rail being omitted altogether. At 
1 500 volts the substations would, I suppose, have to 
be spaced 10 or 12 miles apart, whereas at 3 000 volts 
they could be spaced two or three times this distance, 
with a consequent saving. On financial grounds I think 
that the author*s general conclusions are sound. There 
are, of course, other than financial considerations, some of 
which are referred to in the appendixes. Amongst others 
may be mentioned : Less wear and tear of the engi¬ 
neering staff after the electrification is carried out; time 
saved to the general pubhc in transit (and time is 
money); cheaper fares and transport and therefore 
cheaper goods; the electrification would provide work 
for unemployed men; and our coal supply would be 
conserved. I suggest that, instead of the railway 
companies obtaining further net profit as mentioned 
in item (17) of the summarized conclusions, the fares 
and transport costs should be reduced. 

Mr. W. L. Box : One of the most serious matters 
is the choice of the line voltage. A decision as regards 
a standard voltage should be arrived at, as with varying 
voltages difficulties will arise, especially where main¬ 
line and suburban traffic are intermingled. The author 
refers on page 738 to motors on the South-Western 
Railway being in service for 7 years without an amature 
Cr field coil having to be rewound. As there must have 
been during this period between 200 and 300 motors in 
operation, this is an excellent record, and I should like 
to know if equally successful results have been obtained 
on the London, Midland and Scottish Railway. On 
the line with which I am associated some new box-type 
motors have been in operation for 2|- years and none 
of these have burned out. On page 738, figures relating 
to lubrication are given. In this direction we have 
effected a very great saving in oil consumption by the 


adoption of the latest type of motors, an<t the following 
figures of motor lubrication (including gears) were 
obtained:— 

Old type (oil-ring lubricated) 12if24 pints per 1 000 
train-miles (or 0*0229d. per train-mile). 

New type (wool- and hair-lul|ricated) 1-71 pints per 
1 000 train-miles (or 0‘0032d. per train-mile). 

Mr. G. Rettie : On page 748 the author refers to 
inductive interference with communication circuits 
caused by high-tension alternating current. In a 
Report * of the Californian Railway Commission recently 
published it was pointed out that the main trouble was 
due to the higher harmonics caused by the operating 
machinery and that with proper design a good deal of 
the trouble could be avoided; also that as the tele¬ 
phonic frequency was anything from 200 t^ 2 000 
periods per. second, 60 periods or less would have no 
effect. The Report winds up by stating that " prac¬ 
tically all inductive interference to telephone circuits 
is due to the harmonic currents and voltages, and this 
renders it important that an effort be made to obtain 
rotating machinery for use in power systems which 
produces, as near as is reasonably possible, pure sine- 
waves of fundamental frequency, and also that an 
effort be made to obtain transformers and to arrang 
connections of the same in such a manner as to reduce 
as far as practicable the distortion of wave-form.** 
With reference to comparative costs, Mr. Thompson of 
the Westinghouse Co. gives details f of the electric 
locomotives in use in big stations in New York. The 
locomotives have two motors each of 2 000 h.p. and 
the total mileage run per annum is 4 961 628. The 
cost per locomotive-mile, on a basis of 36 000 miles per 
annum, is only 3‘51 cents, including all charges, the 
saving in expense in maintenance being equal t(^ about 
11 per cent on the cost of the service. 

[The author's reply to this discussion will be found 
on page 774.] 

* ** Inductive Interference,** Railway Commission of tbe State of California, 
April X, 1919. 

t Journal of the Engineers* Club, Philadelphia, 1916. 


North-Western Centre, at Manchester, 18 March, 1924. 


Mr. T. Ferguson: I have always been under the 
impression that the maximum draw-bar pull allowable on 
British railways is of the order of 13 tons, and I notice 
that Sir Vincent Raven in a recent paper read before the 
Institution of Mechanical Engineers in Paris stated that on 
British railways it is not feasible to go t^yond 30 000 lb., 
and therefore he states that an adhesive weight of from 
<60 to 65 tons.is all that is necessary for an electric loco¬ 
motive. Presumably this weight is on the basis of an 
adhesive value of about 500 lb. per ton. The author 
evidently contemplates much greater draw-bar pulls 
than this, and makes reference in liis tables to a 
10-coupled freight engine having 53 000 lb. djp.w-bar 
pull, and on page 739 he refers to tlie combined draw-bar 
pull of two engines’ as being between 20 and 25 tons, and 
states that there is no objection to a single locomotive 
having a draw-bar pull of this magnitude. There is, 


of course, comparatively little difficulty in maldng an 
electric locomotive either as a single or a coupled unit 
to produce a draw-bar pull of this magnitude, but 
evidently some difference of opinion exists as to 'the 
desirability of adopting such high draw-bar pulls on 
British railways, presumably owing to the relatively 
light draw-bars in use on wagon and passenger stock. 
Another point in connection with the diagrams of jrteam 
and electric locomotives (Fig. 1) is the lon|f, rigid 
wheel-base proposed for many of these designs. I 
should be glad if the author would state what he con¬ 
siders to be the limit as regards the rigid wheel-base 
that will be applicable to main-line railways in this 
country. The type of locomotive shown as No. 7 in 
Fig. 1, in which articulated trucks are used, would 
appear to be the best way of reducing the rigid wheel¬ 
base. • The author showed on a lantern slide some 
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details of the^ide-gear drive, as made by Messrs. Brown, 
Boveri and Co. In this case the gear wheel lies wholly 
outside the driving wheels, and tlie clearance between 
rail-level and the underside of the gear case is somewhat 
limited. Will this type of gearing pass through English 
railway load gauges ? The author also refers to the 
limitation in gear ratio*which can be obtained with this 
type of drive, the limit being imposed by the fact that 
tlie motor shaft has to pass over the top of the running- 
wheel flange with sufficient clearance to admit of the 
rise and fall of tlie locomotive frame in the axle-box 
guides, and at the same time sufficient clearance between 
the bottom of the gear case and the rail level has to 
be obtained. The gear ratio is, therefore, obviously 
limited by the above, as is also the amount of permanent 
eccentricity, or displacement between the centre line 
of the^ear wheel and the centre line of the running 
axle, and it is questionable how far this permanent 
eccentricity can be extended in a new design. The 
author states that the watt-hours per ton-mile for 
the various types of trains is not easily determined, and 
he deduces a figure for this from a series of draw-bar 
tests made over long runs. It is clear that the area 
under the curve of draw-bar pull represents the. actual 
work to be done on the trailing load, but how far. is 
the locomotive head-re.sistance plus its own resistance 
allowed for ? The average value obtained from tests 
depends partly upon the work done in braking, as well 
as on the total train resistance, but the latter in a 
long-distance run is clearly of the most importance and 
would vary considerably with the speed and also the 
conditions of wind, dr 3 aiess or wetness of the rail, etc. 
If only sufficiently representative train-resistance curves 
could be obtained from data, then further investigation 
would be a matter of easy calculation. The question 
is, whether it is any easier to obtain the watt-hours 
directly from the draw-bar tests over a given run than 
to deduce general train-resistance curves from these 
tests, and I should like to ask the author whether, in 
his opinion, the train-resistance curves given in Fig. 6 
are sufficiently representative to use for future calcula¬ 
tions. With reference to the method which he uses 
for calculating load factor, I note that he adopts as his 
basis the average power during the hour of maximum 
demand, and not the maximum power during a much 
shorter interval, say of 1 or 2 minutes. It is interesting 
to find how high the load factor is found to be for 
main-line electric worldng, and if we compare this with 
th^ obviously poor load factors which are obtained on 
suburban electrifications, where the traffic is largely 
rush-hour traffic, it would appear to indicate a still 
further advantage in favour of main-line electrification. 

Mr. S. E. Povey: The electrification of main lines 
on Bntjgh railw^ays, and in fact the general electrification 
of railways, is gradually being narrowed down by the 
several recent investigations w'hich have been carried 
out by engineers. One main step was made when the 
Advisory Committee to the Ministry of Transport made 
a definite recommendation that the standard voltage 
for the whole of the country should be 1 500 volts d.c. 
or multiples thereof. Another item is the provision of 
large power stations in accordance with the 1922 Elec¬ 
tricity (Supply) Act. Under this Act the dividing bf the 


country into areas of supply by the various public- 
supply authorities has practically eliminated the 
possibility of the railway companies acting as public- 
supply authorities. It is recognized that the combination 
of the industrial Jpads and railway loads is advisable, 
in order to provide cheap sources of supplies oi electrical 
energy in general. These items may be taken as founda¬ 
tion stones, but I suggest that the. author provides ^ 
limiting values to what might be termed four boundary 
stones on the question of main-line electrification, the 
four items being: (1) The necessity of a cheap supply 
of electricity, (2) cost of electric locomotives and train 
equipments, (3) costs of operation and repairs, and 
(4) loading of the sections of a railway. Talcing (1), 
it is of interest to note that although the loads are very 
peaked and intermittent the plant load-factor of a 
railway power station can be as high as 95 per cent. 
The trains work to a definite time-table even when 
running empty or balancing trips, and no additional 
trains are run unless definite traffic arrangements are 
made, and this usually gives ample time to increase the 
capacity of the plant on load if necessary. Therefore 
marginal running is not necessary and full advantage 
can be taken of the overload rating of the plant. The 
morning and evening rush-hour periods provide the 
peak loads and are each of about 2 hours* duration. 

A cheap bulk supply will provide cheap power for the 
handling of goods traffic in goods yards and tlicrefore 
enable work in general to be speeded up. As regards 
(2), it is necessary, as the author points out, to standardize 
designs of electrical equipments and control equipments 
to enable them to be manufactured in bulk. It should 
be possible to standardize the control equipments for 
both locomotive and motor-car work. The provision 
of electric locomotives and train equipments from the 
renewal funds appears to bring the problem of electrifica¬ 
tion within practical politics, but it must be recognized 
that the costs of locomotives and train equipments 
must balance the steam-locomotive costs. It is true 
that an electric locomotive is capable of working at 
least double the mileage per day that a steam loco¬ 
motive can do, but even by reorganizing the working 
of a railway it is not possible to take full advantage of 
this. The possibility of electrical equipments operating 
23 hours out of 24 can be taken as established. There 
cases of electrical equipments on suburban services 
operating 10 to 20 days in traffic and running 260 miles 
in a 19-hour day maldng one stop per mile without 
interim examination. These suburban services are 
much more severe than anything one can expect on 
main lines. Therefore, for express running with 
stations 20 mile® apart and workings covering 24 hours 
per day, mileages of 600 to 760 are, as far as the equip¬ 
ments are concerned, easily attainable. As regards (3), 
it is only by standard and tried-out equipments that 
the above mileages and the necessarily low costs of 
maintenance can be obtained. Very small details and 
innumerable designs of contacts and screws should be 
elimin^ed. The density of traffic on the whole railway 
under consideration is shown to be higher than on the 
present successful suburban electrifications, and the 
development of Table 10 showing the economy of elec¬ 
trical operation ovqjr steam operation is very valuable. 
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The author somewhat minimizes his method of investi¬ 
gating the question, but by taking the statistics published 
by the Ministry of Transport he has included the costs 
of running-shed charges, preparing of locomotives, 
standing time, etc., which it is otherwise impossible to 
evaluatq. Electrification will provide other large sources 
of revenue in addition to those indicated by the author. 
The elimination^ of smoke and noise makes it possible 
for the whole of the sites, including the lines approaching 
the terminal stations and stations in large cities, to be 
covered by buildings used for hotels, oftices and other 
purposes. Again, goods yards and sidings form a big 
item as far as land is concerned in the middle of most 
large cities, and electrification makes it possible to cover 
the whole of these sidings and goods yards with ware¬ 
houses and offices. In addition, property in the neigh¬ 
bourhood of tlie railways will increase in value. 

Major P. B. Goulston ; The author says, at the top 
of page 730 : “ The decision whether or not to electrify 
portions of tlie British main lines will rest with financiers 
rather than with technical experts." With that view, 
I think, we shall all heartily concur, because the paper 
malres it perfectly clear that there is no proposition of 
any nature whatsoever from the engineering standpoint 
which the engineers of this country will not be glad to 
undertake. Finance is, however, a question which 
engineers will have to consider very seriously. The 
author does not say how the money is going to be raised, 
but some figures which I have taken from the Investors* 
Chronicle of 5 January, 1924, are significant. In 1913 
the total issues were £196 637 000, of which £52 436 000 
represented Government borrowings and the remainder 
private enterprise. For the year 1923 the total was 
£271 392 600, of which £173 407 000 was on the Govern¬ 
ment account and the remainder for private enterprise. 
That shows that there is plenty of money in this country. 
We may certainly take it that that 100 millions was in¬ 
vested with the laudable desire that it should be returned 
with interest, and I think that few prospectuses issued 
in recent years would show the same safe security with 
prospects of a reasonable dividend as tlie proposition 
put before us in the paper. Roughly 20 years ago a 
paper was given by Sir John Aspinall, then the chief 
engineer of the Lancashire and Yorkshire Railway Co., 
on the electrification of tlie Liverpool and Southport 
line, in which he stated the hopes of himself and those 
associated with him—amongst tliem the author of the 
present paper—as to what might be anticipated as the 
results of electrification. Reading that early paper in 
conjunction with the present one, 1 was much impressed 
with the fact that those intelligent anticipations have 
been realized. One point which struck me very forcibly 
was that electrification might have a very important 
bearing upon the housing of the population. Nowadays 
high-class residential property is being built as close to 
electric railways as possible, as they cause none of the 
inconveniences which are inseparable from steam 
railways. With the advent of main-line electrification 
the building of private houses in the irynediate 
vicinity of the railway may be carried out to a large 
extent. 

Mr. J. R. Billington : I can vouch for the accuracy 
of the dynamometer-car figures wl\jch the.author has so 


ingeniously used, together with other raftway statistics, 
to prove ids contentions. 

Mr. W. J. Medlyn : It is necessary that we should 
bear in mind that the prijnary function of a railway is 
transport, and, quite rightly, the author has given first 
consideration to the important question of transport 
economics in dealing with the dltematives of steam and 
electric haulage respectively. It must not be over¬ 
looked, however, that the telegraph and telephone 
seridces also play an important part in the organization 
and control of iiie transport operations, and, whatever 
system of electric supply is adopted, it will always be 
necessary to take reasonable precautions to ensure the 
continuity atid reliability of these communication 
services. The author recognizes the importance of this 
aspect in his brief reference to the subject on page 748. 
The Post Office is also directly concerned in this question 
of interference from power-supply circuits. Many 
thousands of pounds have been sunk by the Post Office 
in the provision of telegraph and telephone circuits 
carried on the railway undertakings, and in many cases 
maintained by the railway companies tliemselves; 
therefore, in dealing with the economics of railway 
electrification, it is necessary to keep in mind the effect 
which the methods adopted may have on the efficient 
worlcing of the telegraph and telephone plant, whether 
it belongs to the railway company or to other administra¬ 
tions. In the abstract sense, of course, it does not 
much matter whether the losses due to depreciation of 
the communication services are borne by the railway 
companies or by the telegraph and telephone adminis¬ 
trations, because in the long run the cost of wastage has 
to be borne by the community, but in the particular 
sense it is only a matter of equity that the party deriving 
economic advantage from the change of system should 
also bear the cost of the consequent losses other 
parties. In tlie early days of development, railway 
engineers appear to have shown a preference for the 
single-phase system of electrification. The disastrous 
effect of this system on neighbouring telegraph and 
telephone wires was fully emphasized in the recent 
discussion on " The Electrification of the French Midi 
Railway." * The system has the further defect that 
high voltages are induced in adjacent telegraph, and 
telephone wires, thus introducing a risk to life and a 
liability to other damage. It is interesting to note, 
therefore, that modem practice tends towards the 
adoption of a less dangerous system. On page 739 the 
calculations are based upon a three-phase supply ^con¬ 
verted to 1 600 volts (d.c.). Presumably the adoption of 
this standard .would involve considerable scrapping or 
modification of the plant now in use on sections of 
railway which have already been electrified, such as,- 
for example, the Manchester-Bury line which is operated 
at 1 200 volts (d.c.). On page 748 it is mentioned that 
the use of cables for the distribution of current would 
render the cost prohibitive. I understand that on 
the Liverpool-Southport line an armoured cable was used 
for supply purposes, but that it rapidly deteriorated 
owing to the electrolytic effect of the direct current 
which reached it firom the operation of the service; and, 
as a result, the power-supply wires were diverted to ttfe 
• ♦ faurnal I.E,E., 1924, vol. 62, p. 213. 
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author would give us some information on this point, 
because if supply cables are liable to rapid electrolytic 
action there is not only the^ higher capital cost to be 
provided for but als8 the extra cost of maintenance and 
renewals. This question of electrolytic trouble arising 
from the d.c. system wa#mentioned by Dr. Parker Smith 
in his recent lecture on “ Railway Electrification in 
Foreign Countries.'* * I mention “^e point because I 
think it is a matter of very great interest in connection 
with the economics of electrification. As an illustration 
of the penetrating inductive effect of this power-supply 
system, it may be of interest to mention that the Post 
Office has a lead-covered telephone cable in an iron pipe 
laid alongside the Liverpool-Southport railway, between 
the outskirts of Liverpool and Forniby. One might 
naturally expect that the iron pipe and lead sheath 
would Arm an effective screen against the inductive 
effects from the overhead power system, but a very 
distinct hum is noticeable when one is listening on the 
telephone line, although in practice this does not gene¬ 
rally cause appreciable interference with the transmission 
of speech. On page 748 the author suggests that the 
transmission line should not be taken along tlie railway 
but should approach the substation by an independent 
route. From one point of view tliis idea is attractive, 
but difficulties are likely to arise in practice in securing 
such routes, especially where main lines passing through 
long stretches of open country are involved. In this 
connection Post Office engineers are liable to feel rather 
apprehensive regarding the safety of the existing exten¬ 
sive network of Post Office lines generally. At one time 
it was the practice in America to intermingle telephone 
wires and power wires on the same poles, including 
routes along the public thoroughfares. I have recently 
heard that this practice has now been altered, the power 
wires being placed on the top arms and the telephone 
wires below. Before this change was made, on an 
average every year 24 telephone linemen were killed, 
whereas at the present time the fatal cases amounted to 
only six a year. One would naturally expect trouble 
if we had so many as six cases a year in this country, 
and tlie fact that such cases are rare with us is a good 
tribute to the efficiency with which the electric supply 
undertakings are constructed and maintained. 

Mr, R. Brooks : I do not propose to deal with the 
broader financial aspects of the paper, but there are one 
or two control points mentioned by the author which 
I think are worthy of some discussion. On page 748, 
in discussing the track equipment and speaking about 
the necessity for both third-rail and overhead collectors, 
he says : ''As the overhead collector must be clear above 
tfie structure gauge, the bow in its ' up ' position fouls 
the structure gauge, and means will therefore have to 
be provMed whereby the bow automatically rises to 
meet any stretch of overhead trolley and automatically 
falls when it leaves it, or, alternatively, every over- 
bridge and tunnel will have to be equipped with a dummy 
trolley." I take it that he is putting that forward 
as a problem for design engineers. Dealing with the 
first alternative, I am in general agreement with the 
ahthor's statement of the case, except that I do not 
♦ Joumdl hE.E„ X924, vol. 62, p. 317, • 


as it approaches an overhead section, if means are 
provided whereby the collector can be safely raised at 
any reasonable distance in advance and maintained in 
that position until^it comes on to the contact wire, 
without doing away with the automatic lowering feature 
when it leaves the wire. The problem has indeed been 
studied along those lines, and a gear has been devised, 
manufactured and put into use, which accomplishes 
these requirements. I'he central feature of the equip¬ 
ment is a special control valve which is used for operating 
a pantograph, or other type of collector, which is air- 
operated. This valve is of the piston type; that is 
to say, the valves are actually operated by a piston 
which is controlled in its movements by two small 
electrically-operated needle valves, one of which controls 
the upward movemeut of the pantograph and ihe other 
the downward movement. They are of a type which 
only requires excitation momentarily. That is a very 
important point because it very considerably simplifies 
the problem of automatic lowering. Once the valve 
is in either the upward or downward position it remains 
there independent of the continuance or otherwise of 
the excitation. With regard to automatic lowering, 
there are probably several wa 3 ^s in which that can be 
done, but in this particular case it has been effected hy 
attaching special contacts to the pantograph so that 
when it exceeds its maximum operating lieight by a 
very short distance, say 2 or 3 inches, it excites the 
lowering mechanism of the pantograph, the valve 
brings the pantograph down, and it stays down until 
such time as it is raised by deliberate action of the 
motorman. The approach to any section of overhead 
wire will have a long, easy ramp, and with this type of 
control the man can, by holding the control switch 
over in the " upward " position, raise the pantograph 
before it reaches the overhead wire, and maintain it in 
that position until he is under the wire, when he can 
let the switch go. The pantograph will then remain in 
contact until on running off at the end of the section 
it automatically lowers itself. The second alternative 
mentioned in the paper, namely the dummy trolley, 
certainly seems to me to have serious disadvantages. 
In the first place it will be very expensive, especially 
in congested areas ; secondly, a normal type of collector, 
which is necessarily a very lightly-built structure, is 
subject to rather severe strain when running for long- 
periods at high speeds without being in contact with 
the wdre. I think that trouble would be developed 
there. There is also a point to which the autliur has 
made a passing reference, namely that there would be 
considerable insutation trouble with a dummy trolley 
under bridges and in tunnels. On page 749 tJie problem 
of one-man operation is mentioned. No one will deny 
the accuracy of the statement that it is an extremely 
difficult problem to attack. It is obvious that tlie 
normal type of " dead man's handle " which is used 
on suburban trains will be entirely unsuited for main-line 
traffic wjjiere long stretches of line are travelled without 
a stop. No man can be asked to exert a continuous 
muscular effort, however slight, over extended periods, 
especially where, as in the gear now in use, the release 
of the mechanism is mstantaneous and there is no time- 
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lag in the operation. It may be of interest to many 
to know that a type has been introduced which will 
probably go some way towards the solution of the problem, 
and is used on one of the Swiss railways. On certain 
one-man trains the dead man's ha^pdle " equipment is 
operate^l by the driving wheels and operates on a dis¬ 
tance basis, so that it acts more quickly at high than 
at low speeds. .Moreover, in order to enable the man 
to leave the driver’s position to take off side signals, 
there is a second button on the other side of the cab 
to which the man has ample time to go before the gear 
^vill operate. He can put his hand on that, and lean 
out of the window to take any observation he may 
require. Now although that goes some way it is by 
no means a solution of the problem; I merely put it 
forward as a suggestion of the lines on which investiga¬ 
tion may be carried out. It seems to me that the author 
is correct in suggesting that the force of public opinion 
will for a long time militate against the adoption of 
a one-man system, however complete or perfect the 
mechanical safeguards may be. In conclusion I should 
iike to stress the necessity for adhering as far as possible 
to the simplest form of equipment that will attain the 
object aimed at. It is extremely easy with electrical 
equipment to provide all sorts of unusual devices, so 
that there is a temptation, wliich it is hard to resist, 
to demand these things. When mechanical engineers 
characterize the electric (in contrast with the steam) loco¬ 
motive as an appalling box of tricks " they are com¬ 
paring things with totally different characteristics. On 
the American lines where a considerable amount of 
heavy electrification has been carried out, experience 
has very definitely shown the desirability of eliminating 
as far as possible every complex piece of apparatus which 
can be done wittiout, and of adhering entirely to apparatus 
which is robust and simple in its characteristics and 
functions. This ideal of simplicity seems to me to be 
a perfectly attainable objective and I feel certain that 
the day is not very far distant when the electric loco¬ 
motives which will be available for all purposes will 
leave nothing to be desired, in regard to both simplicity 
and reliability. 

Mr. T, E. Herbert: It is rather regrettable that the 
paper is a reasoned statement of the case for the 
electrifica.tion of main lines instead of an account of a 
fait accompli such as that relating to the French MiHi 
Railway. It is indeed unfortunate that so few engineers 
attain positions of supreme importance on the directorate, 
since their experience and training would be of inestim¬ 
able value in assisting to arrive at a correct economic 
decision. 


• South Midland Centre, at 

IN^r, J. Dalziel ; Previous speakers have rather 
reflected on the enterprise of British railways in respect 
to electrification, but I think that there is a great deal 
to be said on the railway side of the matter. ^ I hope 
that the author will be able to drive home the con¬ 
clusions at which he has arrived, equally effectively in 
the higher quarters where the future of electrification 
in this country will be decided. I think that it must 


Mr. H. Allcock : I agree with a pAvions speaker 
in the discussion that the author’s most significant 
sentence is that in which he states: The essence of 
the problem is financial, <and the ^decision whether or 
not to electrify portions of the British main lines vrill 
rest with financiers rather than with technical experts." 
The real difiiculty appears to b8 that the capital cost of 
the new electrical equipment must be added to the 
capital cost at which the existing steam equipment 
already stands in the company’s books, so that, until 
the latter could be written off, tlxe undertaking would 
be, in effect, saddled with the burden of double capital 
charges. Ways and means of reducing this burden 
must therefore be found, and on these grounds, if on no 
other, I think that the electrical engineers of our railways 
must contemplate the purchase of current from outside 
sources, wherever it is available at reasonably prices, 
instead of building their own generating stations. The 
case in favour of suburban electrification seems to have 
been made good in spite of the capital charges, and there 
may even be special lengths of main line where the 
growing density of traffic would justify capital expendi¬ 
ture upon electrification as an alternative to incurring 
the cost of widening the existing road. I should expect 
that—^for instance, on the main Manchester-London 
(Midland) route—the cost of widening the viaducts and 
tonnels in Derbyshire would be greater than that of 
the electrification of the existing track, in which case 
the electrification of this section of the main line will 
fall due when the point of steam-traffic saturation is 
reached. It would be interesting to know the percentage 
of extra traffic which these metals would carry if they 
were electrified. This capital question is so obviously 
the crux of the whole problem that I suggest that the 
Institution should take advantage of everj^ legitimate 
opportunity to bring before the Governmgit the 
justification for financial assistance by the State—under 
the Trades Facilities Act—for a term of these double¬ 
capital years until the financial burden of electrification 
could be shouldered, unaided, by the railway companies 
themselves. Not only would the national interests be 
served by the provision of improved transport facilities, 
but British technical men would thus be given opportu¬ 
nities of employment in their own industry instead of 
being forced, through unemployment, either to become 
unskilled roadmakers at home or to transfer their 
capital values to some other country offering more 
favourable opportunities for their advancement. 

[The author’s reply to this discussion will be found 
on page 774.] 


Birmingham, 2 April, 1924. * 

be agreed that to have undertaken a very heavy 
expenditure on a more or less uncertain project such 
as main-line electrification must be (to the lay mind 
at least, whatever it is to our own), is not a procedure 
that in these days could commend itself to railway 
directors or, if to them, to the shareholders to whom 
they are responsible. Again, it is all very well to poinl 
out, tLS previous speakers have done, that Continental 
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and American^’progress in electrification is ahead of 
onr own, and that the mileage of Continental railways 
under electrification-exceeds the total mileage of British 
railways. That may be so, Jbut it does not affect the 
matter. The conditions are different. Whereas our 
coal is still comparatively cheap, in the countries in 
which electrification is |oing on so extensively coal is 
dear and mainly purchased abroad, and water power is 
available. The price of coal in Italy, for example, 
rose at one time to as high as £5 per ton, or even more, 
with the result that the Italian railways are nearly all 
being electrified. The same applies to Switzerland, 
where the railways are undergoing wholesale conversion. 
In France the southern railways, which are in much 
the same position, are being electrified. It will, be 
noticed, however, that the Nord railway is not being 
electrififid, for the very good reason that it runs through 
a colliery area and its coal, like our own, is comparatively 
accessible and cheap. The matter of economy, in fact, 
largely turns on coal, and I hope that it is clear that 
the author's comparison of coal versus current is not 
a comparison of locomotive against power-station coal, 
but one of steam-locomotive coal as against all current 
costs. If we take a comparison of fuel against fuel 
alone, electric operation gains both because the quantity 
consumed is less and because a lower quality is used. 
At the end of the paper the author shows that the 
saving in fuel is about 60 per cent and, in addition, 
while locomotive coal must be of the highest grade 
(say 23s. per ton), electric power station coal may be 
of the lowest (say 4s. per ton). There is clearly a great 
economy in this direction, but up to the present it has 
not appeared to be sufficient to pay for the capital 
cost of electrification, especially when the other costs 
incidental to the generation of current are added. The 
paper shows, however, that the savings to be effected 
in other directions will compensate for these. There 
are three directions in which the case for electrification 
can be bettered, and in one of these, especially, members 
of this Institution can help materially. The first and 
most important is to reduce the cost of the apparatus 
required by the i*ailways. It is for manufacturers to 
do their part, as well as for the railways to do theirs, 
and that is the direction in which they can best do it. 
Another direction is to raise the price of coal, but 
I hope that this will not be done. Nevertheless, the 
higher the price of coal the greater the saving and 
the better the case for electrification, especially as the 
pric^ of the higher grades used on steam locomotives 
is liable to rise more than that of the lower grades used 
for electric generation. The other direction in which 
eiJectrification may be hastened lies in the realization 
of its^advantages by the traffic-operating officers. The 
gist of tjie whole matter in this direction lies in the fact 
that by the use of an electric engine of weight equal 
to that of the maximum steam locomotive permitted 
on the line the maximum train weight on, say, a 1 in 
100 incline can be raised by 60 per cent and the speed 
to something like 3 times. This results, as the paper 
makes clear, from the fact of the electric locomotive 
having behind it the whole capacity of the power 
station, that is to say each electric locomotive can 
draw upon and use effectively a fax greater reserve of 


power when it requires it to go up a gradient, or for 
other reasons, than can the steam locomotive which 
has only its own boiler to draw upon. Another advantage 
of the electric engine is that it is always ready for 
work and is not afijpcted by weather variations to any¬ 
thing like the extent that the steam locomptive is. 
The steam locomotive, in fact, may be slow in responding 
if the particular quality of coal with which it is being 
fed does not suit it, while if the weather is cold and 
the axle boxes therefore stiff it runs more slowly, 
whereas the electric engine simply increases slightly its 
power input and output. I have a great deal of 
sympathy with the desire for a pressure of 3 000 volts. 
The major portion of my own experience with traction 
has been with a 6 600-volt single-phase system. There 
is one difficulty which affects botli 1 600 and 3 000 volts, 
but the latter especially, and that is the drop in the 
track return. If this can be unlimited, substation 
distances can be increased as one would expect them 
to be, though this is not quite as the square of the 
voltage, but if the track-return drop is to be kept down 
to a low figure and an equal value iiuroughout, the gain 
from 3 000 volts against 1 600 cannot be fully realized.* 
The efficiency would rise, but capital expenditure would 
not be reduced nor would substation distances be pro¬ 
portionately increased. So far as the use of single¬ 
phase current is concerned, I should like to make the 
position clearer. Technically, I do not think that there 
is very much difference between a single-phase 26-period 
supply and a d.c. supply. Costs generally would 
probably show very little difference, though from my 
own experience I think that d.c. motors must always 
be somewhat more robust and must always have an 
appreciable advantage in. regard to brush wear and 
similar details. But the whole question turns mainly 
on interference with communication circuits, and in 
tTiift respect the railways in this country, and especially 
the northern railways, are in an entirely different 
position from any of the other railways which have 
used single-phase current for their electrification. The 
communication circuits on the northern lines are of the 
utmost importance and they carry, for example, the 
main Post Office trunk telephones between London and 
the large northern cities. I think that it is sufficiently 
clear that any interference with these must be avoided, 
add single-phase traction certainly does interfere with 
them to such an extent as to make them unworkable. 
It has been said that the Brighton line used single¬ 
phase current without trouble of this kind, but what 
the Brighton company did was to put underground all 
its message circuits within the influence of its single¬ 
phase current, and in other cases they have been removed 
to at least 200 yards from the Ixaction lines. It is 
fairly obvious that the latter cannot be done in this 
country. There has been a great deal of rather ill- 
informed talk, especially at the time of the great storm 
in 1916, as to why the railways do not put message wires 
underground and so on. The fact is, of course, that a 
cabled telephone line, owing to its high capacity, will 
not work if it is of considerable length, and has to be 
loaded with inductance coils to counterbalance its 
capacity at short intervals to enable it to be used at all. 
I do not say there ^e no workable underground tele- 



BRITISH RAILWAYS: DISCUSSION. 


771 


phone lines, but they axe only workable because they 
are loaded with inductance. Not only are they very 
expensive, but I do not believe that even so loaded 
they give as good speaking-service as is obtainable 
from overhead lines. I do not say ^hat it is not possible 
to mate message wires workable in the vicinity of a 
single-phase traction system ; for example, the return 
current can 1:^5 brought back overhead as close as 
possible to the outgoing current, so partly balancing 
its electromagnetic induction, and earthed screening 
wires can be put between the traction and the message 
wires to check electrostatic induction, and there are 
many other devices. All these remedies add to the cost 
of the single-phase system, however, and if this system 
makes itself uncommercial because of the cost of 
remedying the interference with message wires, then 
there can be no justifiable case for it. Interference with 
message circuits by three-phase overhead lines is, of 
course, an entirely different matter, I do not mean 
to say that there is no risk of inductive effects with 
^three-phase current, but in the single-phase traction 
system the overhead conductor is in the air in a position 
fixed by that of the rails; the return current flows 
along the rail and may in fact take through the earth 
a different route altogether, so that there is no counter¬ 
balance to the inductive effect of the overhead current 
and the conditions are as bad as they can be. With 
three-phase power lines the position of the wires is 
much less inflexible and if they are placed in correct 
relation to each other and revolved as they should be, 
and if the message circuits are also revolved, an inductive 
electromagaetic and electrostatic balance is more or 
less obtained. The risk of inductive trouble will chiefly 
arise with unbalanced phases, and this trouble is always 
liable to occur when lighting or other single-phase 
supplies are given. 

Mr. A. M. Taylor: I wish to dissociate myself from 
any suspicion of having an undue bias’ for single-phase 
work, and although I believe that the adoption of high 
voltages for single-phase work would carry very distinct 
financial advantages with it, yet I realize the impor¬ 
tance of electrical engineers in this country being 
practically of one mind on the advantages of electrifica¬ 
tion, and I shall therefore not discuss single-phase 
electrification. I have, however, a very strong mis¬ 
giving as to the advisability of using 1 600 volts as the 
distribution voltage for d.c. main-line electrification. 
In order to deal with the question independently, I 
have worked out the question of traffic service between 
London and Birmingham, a distance of 108 miles, and 
have taken a service of 30 passenger trains each way 
per day of 12 hours—^twice the frequency now ob¬ 
taining—and a service by night of 16 goods trains each 
way for 12* hours. I am aware that in taking these 
figures I have neglected the goods service during the 
daytime, but it somewhat simplifies the case, and, 
moreover, the passenger service is probably over¬ 
estimated, so that this will compensate for the other. 
On this basis I make the figures to be 2 800 0^0 train- 
miles per annuijg. with 12 trains on the line at any 
period of the day and with a headway of 18 miles between 
each pair of trains. I have assumed each train to 
absorb 1 600 kW, i.e. 3 000 kW per pair of trains. I 


have also assumed a 9-mile spacing of\he substations 
and a distributing copper cross-section of 1 sq. in. on each 
pole (equivalent to 6 sq. in. if of iron), which allows 
a current density of 1 000 ampe^ges per sq. in., and I 
have worked out under these conditions what happens 
during the cycle while two pairs of trains are changing 
place on the line. I found tfiat, roughly, the average 
drop in the d.c. distribution amounted to 16 per cent. 
If the author had taken a 12-mile spacing the drop 
would have been of the order of 20 per cent. I note, 
however, that in Table 6 the author has only taken a 
10 per cent drop in the distributing system, and I 
therefore conclude that in order to bolster up his case 
he has been forced to use a double copper section, at 
a cost of another £170 000 or so. This, therefore, is 
debitable to the use of 1 600 volts. 'Again, the use 
of 1600 volts limits the spacing of the substations to 
12 miles, but the proper spacing should evidently be 
18 miles. Now it is clear that each substation must be 
able to deal for a time with two trains simultaneously 
passing it and hence must have a capacity of 3 000 kW. 
Nine stations, each of 3 000 kW, gives a total of 
27 000 kW, whereas the ideal way would be to use 
six substations, each of 3 000 kW, giving a total of 
18 000 kW, which might be obtained if 3 000 volts 
instead of 1 600 volts were employed for local dis¬ 
tribution, and in addition the 2 sq. in. of copper already 
alluded to could probably be saved. The author has 
apparently taken £10 per kW of maximum demand at 
each substation and so obtained £270 000 as the outlay 
on the substations. I would suggest, however, that 
unless he contemplates using rectifiers it would be 
likely to take more nearly £16 per kW, which, of course, 
brings his figure up to £406 000 and would make his 
estimate appear to be £136 000 too low. If, on the other 
hand, his substations were spaced 18 miles a^art the 
total cost would be £180 000 if taken at £10 per kW, 
or £270 000 if taken at £16 per kW, so that in the 
latter case he is spending unnecessarily £136 000 on the 
substations, plus £170 000 on distributing copper, 
a total of £306 000. This could largely be avoided by 
using 3 000 volts as the distributing pressure. In 
addition to this the wages for, and cost of running, 
the additional substations would have to be considered. 
There is, therefore, in my opinion, a clear case for the 
employment of 3 000 volts. As regards the question 
of transmission of the power from the generating station, 
I have looked into tlus question and, assuming power 
to be fed from each end of the line, as, for exaijiple, 
from London and Birmingham, I find that the section 
of the overhead conductors put forward by the author 
would be only just sufficient if the two parallel lii\ps 
were both employed, and if one broke down thg drop 
would be serious. Now I believe that 40 OQO-CO 000 
volts is altogether too small a pressure to be employed 
for such a purpose and that the overhead system is 
not one that should be adopted. On the question of 
pressure, it was an argument used by some of the 
advocates of d.c. equipment (see Engineer^ 1924, 
vol. 137, p. 342) that three-phase current at 60 periods 
could be supplied for general purposes from the various 
substations to smaller towns on the route. If, how¬ 
ever, this is to be done, a power factor of the order 
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of 0*8 wUl havl to be faced instead of a unity power 
factor, which, has been taken in the present case; in 
fact the present case is unworkable unless a power 
factor of unity is assumed, aiid even then the drop is 
normally of the order of 10 per cent. If, however, the 
power factor of 0*8 had been assumed, the drop would 
immediately be doubled aftd under breakdown conditions 
would be 40 per cent. Now the regulation obtainable at 
the substations under such conditions will be totally 
impracticable for the public supply of electricity and I 
feel very strongly that the right thing to do is to put 
in a transmission with underground cables at the highest 
possible voltage; and I am in the position to prove that 
assuming, for example, that the **hexaphase* system, 
which I have advocated, were put down of a capacity 
several times that necessary for the railway, power 
could beefed from either end of the line for general 
distribution purposes on a large scale to towns en route, 
or right through from London to Birmingham, or vice 
versa. The interest and depreciation on such a line 
would be very much less than on the overhead system 
at an equal voltage ; in fact it will only be of the order 
of 0* 00Id. per unit with a 20 per cent load factor. The 
transmission loss from, say, London to Birmingham, 
or vice versa, will have to be added to this, but it need 
not be of the order of more than 0* 02d. per unit for the 
same outlay, and this can in fact be reduced to O'Old. 
by increasing the copper section at an extra capital 
charge of only 0-00 Id. per unit. The result will be a 
means for linking up large power stations with a north- 
and-south trunk line, capable of giving power at cheap 
rates along the route and developing the resources of 
the country. For example, if power in London were 
to cost 0«45d. per unit and in Birmingham were to 
cost 0*42d. per unit, there will be a clear gain, with a 
liberal Q^iargin in hand, in transmitting power from 
Birmingham to London. In fact a difference of only 
0*02d. per unit in the price as between Birmingham 
and London will amply warrant the free interchange 
of current from one to the other. It is worth men¬ 
tioning that the interest and depreciation charges on 
the line for the amount of power mentioned above will 
alone be of the order of £113 000 per annum, but this 
will be paid by the companies or municipalities utilizing 
the line. It is true that these figures are based on my 
hexaphase system, but even supposing that nothing 
better than single-phase cables were available and fhat 
the limits which are now in serious contemplation in * 
Ame:pca in connection with single-phase cables were 
found to be satisfactory, the results will only be reduced 
by some 30-40 per cent and will still be well worth 
cc^sidering. As regards the use of overhead lines, I 
feel certain that, if reasonably suitable voltages were 
to be employed, the distance apart of the conductors 
will cause serious danger of interference with the Post 
Office telephone system; and, moreover, there is always 
the danger of total interruption of both lines (which, 
I understand, are to be run on one set of poles only) 
by a stroke of lightning or by collision with an 
aeroplane. The difficulty with overhead lines on a 
length of system such as is being considered is that if 
we confine ourselves to comparatively low pressures 
of 40 000 or 60 000 volts, the line is inadequate 


for transmission at anything but unity power factor, 
and that only in small amounts of power. If, on the 
other hand, we adopt higher voltages and larger powers 
(still with overhead transmission) there are the increased 
inductive effects on telephone circuits, due to the wider 
spacing of the conductors, and the impracticability of 
running these overhead systems through many densely- 
populated parts. There is also the very serious question 
of accumulation of sleet on the lines and insulators 
—particularly in the North of England. Speaking 
generally, I think that the overhead system is un¬ 
suitable for such service in this country, except in 
the sense of a pioneer line to demonstrate the other 
advantages of electric traction, and even in this 
case it should be superseded at the earliest possible 
moment by underground cables. If it should be 
pleaded that the difficulties of induction and accom¬ 
modation for the overhead system could be avoided 
by running the overhead system on a route separate 
from that of the railway, I can only say that the cost 
of obtaining wayleaves would be very serious indeed.. 
Moreover, there would be no ready access to the over¬ 
head line for the purpose of repair and renewal of 
insulators, such as there would be if it were situated 
along the route of the railway. 

Dr. G. G. Garrard: It seems to me that the question 
of the electrification of main-line railways in this 
country has got beyond the technical stage and now 
requires more of a political treatment. The author 
has shown, once more, the great advantages which will 
accrue from the electrification of our railways, but we 
have known this all the time; the trouble is to get 
the railway companies to take action. It is necessary 
to point out that railway electrification is making rapid 
strides on the Continent. This is the case not only 
where water power is available, as in mountainous 
districts, but also in industrial and agricultural countries 
like our own, with power derived from steam power 
stations. Statistics are now available from such elec¬ 
trifications, carried out since the war, showing that 
the savings effected by electrification have been equal 
to a return of 16 per cent on the capital involved in 
the electrification. When considering electrification the 
auxiliary advantages must not be lost sight of. Take, 
for example, the city of Birmingham. The centre of 
Bifmingham is most congested, there being no land 
available for necessary new buildings. Nevertheless, 
the land occupied by New-street Station represents 
many acres. If the railway were electrified, the whole 
of this area could be covered in, and the new hotels 
and other buildings which Birmingham so urgently 
needs could be built. The capital value thus created 
would be extremely large, and would be a set-off against 
the cost of electrification. It is also useless to wait, 
before electrifying, to decide upon the best system. 
We have the single-phase a.c. system and the d.c, 
system. Both these have been thoroughly proved and, 
as far as we can tell at present, their relative advantages 
are approximately equal. The slight advantage which 
one might have over the other could only be determined 
after, perhaps, 20 years of trial. We in this country 
should go ahead with both of these systems. For 
example, there is t]je London, Brighton and South 
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Coast Railway which it was proposed to electrify 
completely on the single-phase system before the war; 
this should go ahead. Then at the other end of the 
country we have the Newcastle-York line of the 
North-Eastern Railway. The electrification of this on 
the d.c. system should also go jftiead. If these two 
schemes were to be set going forthwith, as they could be, 
they would bring most valuable experience which would 
help in the further electrification of railways. The 
general public must be made to understand the great 
advantages that they can get in better service, quicker 
journeys, and improved amenities generally. They 
must tlien bring pressure to bear upon Parliament. 
It was hoped that the recent railway amalgamations 
would have helped to bring forward electrification, but 
at present they seem to have had the opposite effect 
and the inertia seems to be greater than ever. The 
electrical profession and industry must, therefore, turn 
their attention to the general public and secure their 
co-operation and agitation until the Government forces 
the hands of the railway companies and makes them 
go forward without further delay. 

Mr. J. D. Carlmark: The estimate of a 33 J per cent 
reduction in favour of electric traction under the item 
of Engine-men’s wages ” in Table 3 appears to be 
too low ; a much larger reduction ought to be possible 
under electrification. A very important point arising 
out of railway electrification is tlie possible supply of 
current to districts not yet in possession of electric 
power and the means of lessening the cost where supply 
already exists. Apart from this it would also increase 
the demand for motors and domestic apparatus, and 
this would help the industry to reduce the cost of their 
goods. The cost of shunting work in connection with 
sidings, goods yards, sheds, etc., seems to constitute 
a comparatively large proportion of steam railway 
expenses. With electricity for disposal along the 
line, a large amount of this could be saved by 
the installation of electric capstans where a loco¬ 
motive is required perhaps only occasionally. Here 
the power would be at hand when it was required, the 
cost of overhead conductors or third rail would be 
avoided, and the expensive locomotive with its attendant 
motor men would be released for other work. That 
no armature or field coil has had to be rewound during 
7 years’ service on two lines speaks very well for«the 
sound construction of the present-day traction motor. 

Mr. E. Blakemore (communicated) : The first page 
of the paper explains the great difficulty of obtaining 
a reasonable basis for argument, and lays the blame on 
the English method of recording railway statistics. 
The author quotes four bases, vi^ number of loco¬ 
motives per mile of track, coal consumption p6r mile 
of track, ton-miles and engine-miles, and rightly states 
that the last ** though a concrete fact, has a somewhat 
indefinite meaning.” It would seem almost impossible 
to set out a really logical and convincing argument 
even if statistics were compiled in such a manner as to 
provide a more satisfactory unit, as main-line electric 
service and main-line steam service are so totally 
different in character. In other words, generalization 
must form the greater part of the argument and the 
two services cannot properly be compared, because 


— „ ^ 
although one starts with the same tinfe-table it would 
change rapidly due to increased speed on up grades 
and the decreased gross weight of the train, or, on the 
other hand, slightly increased trailing weight, and 
many other advantages now candidly admitted by 
engineers who have hitherto been sceptical. Despite 
the difficulties, the paper sh(^s: (i) The feasibility of 
main-line electrification ; (ii) the vital considerations ; 
and (iii) the possibility of many traffic economies. 
An important point arising from the paper is the effect 
upon the economic density of an alteration in the cost 
of coal. Assuming that at 0*4d. per kWh the coal 
costs 0*16d., then at the tread of the electric loco¬ 
motive the coal will cost 0*226d. per kWh, i.e. 
(0*6/0 *4) X 0-16 = 0-225. Thus coal will cost 2-16d. 



Fig. A.—Curve showing effect of alteration in cost of coal on 
the economic traffic density. 


per electric engine-mile, while it will cost 7-4d. per 
steam engine-mile. We may therefore write :•«- 

Total cost per steam engine-mile = J?* + 7 • 4iC 
where K is the fractional increase in the cost of coal. 

Total cost per electric engine-mile = J? + 2 - 16JC 

E — F 

• These costs will be equal when K = ^ ^ ■ 

Values of F are given in column 6 (Table 10), and 
values of E in column 5. Obtaining values of K 
from this formula and plotting we get the curve 
shown in Fig. A which indicates that, assuming 
all other factors to remain constant, if the cost of 
coal is increased it will pay to electrify most of the 
lines given in Table 2, but if the cost is decreased 
there is a greater likelihood of loss unless the traffic 
density increases. With regard to Table 1, I fincf it 
difi&cult to agree on the method of allocating the charges 
given as repairs, but I nevertheless regard ft as being 
a very fair comparison, 

Mr. R. H. RawU [communicated ): The author states 
that the cost of replacement of steam locomotives by 
electric locomotives should be chargeable to revenue, 
on the grounds that railway companies set aside a 
fixed sum annually for locomotive renewals. Now it 
appears fairly evident that if it were decided to electrify 
a particular section of a given line, such a section would. 
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of necessity, 1:% of considerable length, since, as the 
author points out, main-line electrification has either 
to be done on a large scale or not at all. This being 
so, it is conceivable that the jnitial cost of a sufdcient 
number of electric locomotives to operate in the new 
electrified section might be vastly in excess of the 
normal expenditure on %team-locomotive renewals in 
this particular district, and thus might easily become 
a capital charge. It might, of course, be argued that 
the steam locomotives would still continue in service 
on the electrified section and that, as their turn came 
to be replaced, they would be superseded by electric 
locomotives. This would take a fairly long time to 
accomplish, however, and considerable loss would be 
involved in working the two systems of locomotives at 
the same time over the same section of line, besides 
delaying unnecessarily the decid,ed advantages which 
lectrification claims. I should therefore be glad if 
the author could throw some light on this aspect of the 
question. In ascertaining the probable load factor to 
be expected, reference is made in the paper to the 
suburban electrifications of the London, Midland and 
Scottish Railway, where tests were made with the 
batteries eliminated at the substations, in order to see 


what effect this had upon the load factor. A few years 
ago I was present at one of the above company's power 
houses while such a test was being carried out. The 
coal consumption was practically the same as when 
the batteries were in commission and, as the author 
has stated, the loa(f factor was slightly reduced. The 
one outstanding effect was, however, the very increased 
instantaneous load-kicks on the generating units. The 
real value of a battery for main-line railway work 
appears to be in its function of smoothing-out the 
heavy demands for energy on the e.h.t. system, when, 
for example, two trains simultaneously start in close 
proximity to a substation. It has been thought by 
some that the battery is employed solely to act as a 
stand-by in the case of an interruption of the supply 
system. How remote this contingency is to-day is 
shown by the fact that the substations feeding the 
underground railways of London do not include a 
battery in their equipment. But the above smoothing- 
out action of a battery would not have a marked effect 
in this case, since the traffic is very much denser than 
that which would be obtained on a main line, and, 
consequently, there is more of a constant load on the 
system. 


Lieut.-Colonel H. E. O’Brien (in reply) : I was for 
many years a sceptic as to both the desirability and 
the possibilities of financial success of main-line 
electrification; my conversion to other views has been 
brought about entirely by the new facts which have 
emerged during the last five years. The extraordinary 
progress made in electric locomotive design, as witnessed 
by locomotives recently constructed by British, American 
and Swiss manufacturers; the data showing the re¬ 
duction *n the cost of repairs and shed maintenance 
when compared with steam locomotives as communicated 
by Sir Vincent Raven and others and confirmed by the 
results obtained on suburban railways; the multiplica¬ 
tion of Inghly economical power stations in the congested 
areas most suitable for electrification; and the definite 
indication of very high traffic densities on main-line 
routes given by British railway statistics, are all factors 
which have only recently become applicable on a sound 
basis to the solution of the problem. If one-man 
operation of locomotives and the cheap electrification of 
sidings can be put, in the next few years, on an equally 
sound basis, the case for the electrification of a consider¬ 
able proportion of the main lines of this country will be 
irresistible. It is scarcely to be expected that these 
new data, which have as yet but lightly impressed them- 
setves on the minds of the technical staffs of the rail¬ 
ways, • will have penetrated to the traffic officers, 
accountaflts and directorates, but, fortunately, there 
will be in Europe within a year or less, and within 
easy reach of this country, working examples of the 
new conditions produced by electrification on railways 
more analogous to British railways than the electrified 
railways of the United States have been. It is to be 
hoped, therefore, that both directors and operating 
officers will be tempted to visit the French, Swiss and 
Dutch electrifications in the near future and thus 


obtain first-hand evidence of the improvement that 
can be effected by the introduction of electric traction 
on main lines. 

Mr. Gill has misapprehended the nature of the change 
brought about by main-line electrification. If 100 
electric locomotives were required to take the place 
of 100 steam locomotives his calculations would be 
correct, but in fact only 60, and possibly fewer, electric 
locomotives are required to replace the 100 steam 
locomotives. The railway company must maintain 
their assets—^in this case haulage power—^intact; 
this they do by the provision of 60 electric locomotives 
with the same haulage power in ton-miles per annum 
as the 100 steam locomotives displaced. Further, 
the 100 steam locomotives selected for displacement 
will not be 16 years old but 40 years old, so tliat their 
whole value is available in the depreciation fund for 
the purchase of the 50 or 40 electric locomotives which 
displace them. In effect, the renewal fund is merely 
diverted from the purchase of steam locomotives to 
the purchase of electric locomotives of equal haulage 
power in ton-miles per day. 

It is very pleasant to receive from such an authority 
as Mr. Welboum so many figures confirming the 
conclusions in tl^e paper. The Chicago, Milwaukee 
and St. Paul Railway is, of course, a special case, but 
though the cost of haulage on its heavy gr|idients was 
favourable to electrification, its low density of traffic 
was equally unfavourable. 

In further support of the claims of economy put 
forward for electric traction, the following comparison 
between the cost of electric locomotive operation per 
train-milo on the recently electrified section of the 
Paulista Railway and the cost of steam-locomotive opera¬ 
tion per train-mile on the same section of line immediately 
prior to electrification, shown in Table B, is interesting. 
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It is based substantially on figures published by Dr. F. 
da Monlwade, General Inspector of the Company,* the 
figures being reproduced here without alteration except 
those representing the cost of coal and current, which 
have been adjusted, as described below, to make them 
applicable to the conditions obtaining in this country. 
Owing £o the high cost of coal in Brazil the actual 
saving effected py electrification has been very great 
indeed, the cost per train-mile before and after the 
change-over being 69*92 cents (coal 61*14 cents) and 
22*97 cents (current 11*97 cents) respectively. In 
order to make these figures representative of conditions 
in Britain the author has adjusted the cost of coal to 
bear the same ratio to the remaining steam-locomotive 
operation costs that it bears in British practice. The 
cost of current has been based on the density of traf&c 
which, from the published figures, the author estimates 
at 3 770 000 trailing ton-miles per track-mile per annum. 


tages of electric traction over steam ttaction. With 
this idea in view the system adopted for the purposes 
of the paper was that which was unanimously recom¬ 
mended by the Electric IJailway Advisory Committee 
as being the most suitable for this country. 

Mr. Taylor's further remarks are based on a mis¬ 
apprehension both as to the provable industrial demand 
on an electrified route and as to the probable length of 
transmissions required. In the first place, 90 per 
cent of the industrial load is already concentrated in 
the near vicinity of the large power stations already 
in being or under construction; secondly, at least 
on the West Coast and in the Midlands large and 
economical power stations are so plentiful in the 
vicinity of the main lines of railway that practically 
no transmission line for railway purposes would exceed 
30 miles in length. With 12 miles between substations 
and such short transmission lines the distance between 


Table B. 



Cost of locomotive operation on 

Paulista Railway. Cents per train-mile 

Cost of locomotive operation in Britain. 
Pence per engine-mile 

Steam 

Electric 

Steam 

Electric 

(estimated) 

Superintendence . 



0*54d. 

0*64d. 

Coal 

7-38 c. 

— 

7*40d. 

— 

Current, including all charges 

— 

14-0 c. 

— 

13-lOd. 

Wages; enginemen's. 

6-38 c. 

4*08 c. 

7-sod. 

5*00d. 

Repairs . 

9-67 c. 

2*81 c. 

6*91d. 

2*30d. 

Lubricants and miscellaneous 

2-16 c. 

2*28 c. 

l-23d. . 

0*44d. 

Other wages at sheds . 

0-67 c. 

0*34 c. 

2-66d. 

0*62d. 

Total .. . 

26*16 0. 

23*51 c. 

26*24d. 

22*00d. 


Summary. 

Actual saving on Paulista Railway on cost of locomotive operation, using regeneration .. 67*2 per cent 

Estimated saving on locomotive operation with coal and current adjusted to British conditions 

without regeneration.10*1 per cent 


At this density the cost per engine-mile from Table «9 
is 13*1 pence in Britain, the ratio between this and the 
remaining costs being 13*1: 8*9, which has been used 
to determine a comparative cost in cents per engine- 
mile in Brazil. The adjustment in this case is one of 
increase in cost. In the above alterations to figures 
the cost per engine-mile and per train-gnile are assumed 
to bear tlie same ratio to each other in the two 
countries. ^ 

Mr. Taylor emphasizes an objection, raised also by 
several other speakers, to the proposal to use low- 
tension distribution at 1 600 volts rather than at 3 000 
volts, and, whilst I appreciate the superiority of the 
latter system in some respects, I do not wish Jo enter 
into the arguments for and against the various systems 
of electrification but rather to demonstrate the advan- 

♦ General Electric RevieWf 1924, vol. 27, p. 312; and Revista Brasilcira ^e 
Ensenharia, October 1033. 


main generating stations will be 72 miles. From London 
to Crewe is 169 miles, to Birmingham 113, to Preston 209, 
to Carlisle 300, so that a comparatively small number 
of power stations would serve the whole London, 
Midland and Scottish Railway south of Carlisle if 
electrified. In this connection it may be pointed out 
that the transmission voltage would not exceed 33 000, 
and that, as experience has already proved, no difficul'fy 
would be experienced in finding routes across co\intry 
for such transmissions which would avoid all inter¬ 
ference with Post Office communication circuits. 
Central Scotland, the North-East Coast sind Lancashire 
are already covered with such lines. Notwithstanding 
their greater cost, such independent routes, readily 
approachable by road, are certainly preferable to 
tliose following the railways themselves, the difficulties 
attending the use of which, viz. liability to interference 
with* communication circuits and difficulty of access 
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in the case of a breakdown, are much more serious 
than Mr. Taylor appears to believe. 

Mr. Livingstone doubts whether a modem steam 
locomotive could be sold by a trading concern at £60 to 
£70 per ton. The hgure of £60 per ton refers to the 
weight in working order, and £70 pet ton to the weight 
empty, fie. without coal and water; these are to-day’s 
market prices for two-cylinder non-superheater engines ; 
the cost of three- or four-cylinder engines with super¬ 
heaters would be somewhat higher. In giving the cost 
of electric locomotives in Appendix 2 the cost per 
ton of the locomotive structure is rather too high and 
that for the control rather too low. He is correct in 
assuming that the maximum draw-bar pull of an electric 
locomotive may be taken as one-third of the adhesive 
weight. The further particulars he gives of typical 
electric locomotives are interesting, but it must be 
realized that to make these figures intelligible to the 
non-technical railwayman, or to the railway mechanical 
engineer, it is necessary to state the loads that can 


is one other point that Mr. Dalziel raises eirhich requires 
some comment, namely, the permissible drop in the 
return. It is important to distinguish between maxi¬ 
mum momentary drop and the average drop. With 
1 600-volt substations 12 miles a^art and the worst 
probable conditions on a double-lrack main Une, the 
momentary drop in the positive conductor would be 
186 volts and in the return 236 volts with third rails 
of 105 lb. per yard, and the average drop would be much 
less, probably about 10 per cent. 

The use of regenerative braking mentioned by ProL 
Marchant is, as he surmises, not of any great importance, 
in this country on account of the absence of steep 
grades of considerable length. 

Mr. Morton questions the figure of 15s. per ton for 
coal used at generating stations, but this is very re¬ 
presentative of the price paid by many large under¬ 
takings in this country.* The costs of steam-loco¬ 
motive coal quoted in Table . 4 are. of course, for a 
quality of coal much superior to that used in most 


Table D. 

Typical Costs of Coal Delivered to Generating Stations, for Year 1923. 
The average calorific value of the coal is 10 900 B.Tli.U. per lb. 


Distance from 
London 

Pit-head price 
per ton 

Miles hauled from 
colliery 

Carriage on railway 
at fd. per ton-mile 

Handling and 
trimmers* wages at 
generating station 

1 

Total cost 

Miles 

s. d. 

MUes 

s. d. 

s. 

d. 

s. 

d. 

n 

10 11 

92 

3 10 

1 

0 

15 

9 

187 

11 4 

11 

6i 

2 

4 

14 


211 

11 5 

26 

1 1 

1 

7 

14 

1 

Averages 

11 3 

43 

1 9| 

1 

8 

14 

8 


be dealt with on various gradients and on the level, at 
various speeds. He refers to certain advantages of 
electric traction such as reduced fire insurance, reduced 
accommodation for rolling stock, etc., not mentioned 
by the author. I desired, however, to make a most 
conservative statement of the advantages of main** 
line electrification tliat would bear the closest scrutiny, 
and therefore confined myself strictly to those items 
of locomotive operation which could be evaluated in 
cash. 

Mr. Dalziel’s remarks are so much to the point and 
so valuable that they require no farther emphasis 
by me. As regards the comparative merits of 
collection from third rail and from an overhead con¬ 
ductor, the outstanding merits of the third rail are 
the ease with which it can be maintained by the plate¬ 
laying staff and the ease with which it can be laid without 
interference with traffic. These, and these only, are 
the reasons which influenced me in recommending 
it for the bulk of main-line electrification. There must, 
however, be no pjfejudice in the matter, and detailed 
examination of a particular problem may lead to a 
decision to use overhead collection exclusively. There 
VOL. 62. 


power stations. With regard to the figure of 0»6d. 
per unit used, stated as the cost of equivalent electrical 
energy at the wheel of the locomotive, this depends 
solely upon the cost of generation and the average 
overall efficiency of transmission given in Table 6, 
the load factors of the power station and the losses 
having no bearing on the question except in so far as 
the cost of generation and the overall efficiency are 
themselves dependent on them. In using a 44 000-vplt 
system as the basis in calculating transmission costs 
in Table 91 have in mind the fact that the power delivered 
by any one power station to a main-line route will 
not in general bo sufficiently great to justify the use of^ 
much higher voltages. ^ 

I cannot contribute to Mr. Highfield’s belief that 
electrification will not be adopted solely because it 
will reduce working expenses. This fact is, indeed, 
the most important argument in its favour, and if 
electrification is not done primarily with a view to 
increasing net profits it will never be done. Two»at 
least of the other factors wMch in Mr. Highfield's 
opinion offer more decisive arguments for electrification, ^ 

♦ See Table D. 
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viz, the possiMlity of iacreasing train loads and speeds, 
and in other countries the desire to make use of water¬ 
power resources, are ultimately reducible to statements 
of diminished working expenses. 

In reply to Mr/ Jackson's inquiry concerning the 
engine-mile basis used in Tables 1 and 3, for the steam 
railways in all cases tlfe gross engine-mileage has been 
used which, as he suggests, is a basis favourable to 
steam traction in the comparisons. 

The choice of route for transmission lines mentioned 
by Mr. Carter has been considered in the reply to Mr. 
Taylor’s remax'ks on the same subject. The figure 
used in the paper for the cost of track equipment, viz. 
£2 500 per track-mile, does not include an allowance 
for the removal of signal rods, etc. The last column 
in Table 5 is an estimate based upon an actual case. 
With regard to my estimate of 92 per cent for the 
average efficiency of transformation, this figure may 
be anticipated with substations equipped with mercury- 
arc rectifiers. The average for a typical suburban 
system having rotary converters has been found to 
be 90 per cent, which agrees well with the figure given 
by INIr. Carter. 

In reply to Sir Philip Dawson, whose communication 
is a valuable contribution to the history of railway 
electrification, I realize that the presentation of a 
special case of main-line electrification would have 
been more convincing. The investigation of a specific 
case of electrification on a large scale—for to give the 
most fully successful results such an operation must 
be on a large scale—is, as Sir Philip Dawson shows, 
a lengthy business demanding not only the co-operation 
but also the interest of all the departments on a railway. 
I felt that under these circumstances a more convincing 
case could be made by using the average figures for 
train-miiles, traffic densities, costs, etc., and by showing 
first that electrification would give a moderate net 
return on the capital expended for the whole of a large 
railway system, from wiiich it follows that there must 
be some portions of that system where the traffic density 
is higher than the average and where the cost of certain 
services must also be higher than the average, the 
electrification of which would result in a saving greater 
than that actually calculated. The trains hauled on 
such routes are likely to be of the heaviest class, drawn 
by the largest and most expensive types of steam 
locomotives, and the cost of repairs and fuel will there¬ 
fore be higher, probably 25 per cent greater than the 
average for the whole system. It is interesting to me 
to find that my estimate of the gross freight and coaching 
ton-miles of the London, Brighton and South Coast 
Railway, as deduced from the locomotive coal-con- 
^sumption per ton-mile, is 2 699 million ton-miles per 
annlim, as compared with Sir Pliilip Dawson’s figure 
of 2 61*^6 million ton-miles per annum. The cost which 
he gives of electrifying 500 miles of single track seems 
to be very high, even allowing for the prices prevailing 
in 1921, but no doubt a large proportion of the cost 
was for the additional track facilities required to handle 
the expected increased traffic, and the whole of the 
new electric stock Jias also been included. I am glad 
to feel that such an authority as Sir Philip Dawson 
supports me in the view that main-line electrification 


is a revenue-earning proposition and that it would 
prove of great value to railways, the engineering industry 
and the public alike. 

The information given by Dr. Garrard as to the return 
obtained on the capital expended on electrification 
abroad is most valuable; I only regret that it is not 
published in full. It seems to be the general experience 
that at least 15 per cent return on capital may be ex¬ 
pected from any electrification where the traffic con¬ 
ditions are favourable. It is regrettable that both 
Dr. Garrard and Sir Philip Dawson should have revived 
the old alternating current versus direct current con¬ 
troversy. I feel that the prolonged discussion of their 
respective merits reveals the fact that the choice of 
system will have but little effect on the financial success 
of a main-line electrification. The choice of system 
to be adopted is rather governed by the status q%io, 
the large mileage of existing electrified lines at 600 and 
1 200 volts on the direct-current system, the greater 
suitability of that system for suburban work, and the 
existence of a very large mileage of suburban railways 
whose electrification could, and should, be dealt with 
at the same time as that of the first main lines to be 
electrified. If current is purchased, the electrification 
of 100 miles of four-track route would not cost more 
than £5 000 per track-mile, or a total of £2 000 000 
exclusive of locomotives, which would be the only 
charge debitable to capital account in carrying out the 
electrification. Interest and depreciation charges on 
this sum would not exceed £160 000 per annum, 
equivalent to about 6d, per engine-mile on a basis 
of 8 000 000 engine-miles per annum. Such a large- 
scale experiment could not possibly result in any loss 
to the company carrying it out, the capital expended 
would represent about 0-15 per cent of the total capital 
of the British railways, and the experiment would 
result in the whole controversy as to whether main-line 
electrification would be profitable or not in this country 
being concluded for ever, one way or the other. 

Mr. Carlmark touches on a subject which would require 
a paper to itself when he raises the question of the most 
economical method of carrying out shunting work on 
an electrified main line. The relative merits of electri¬ 
fying the sidings and of using accumulator locomotives, 
and the extent to which capstans could be used, would 
require the most careful investigation—and the case 
of each station would have to be decided on its merits. 
He is on less-debatable ground when he refers to the 
low cost of maintenance of the modern traction motor. 
The advances made in the design of traction motors 
and of electric locomotives in recent years form the 
basis of the arguments presented in the present paper 
and cannot be over-emphasized, as a large part of the 
economy to be eifected by electrification arises from the 
reduction in maintenance costs both in the works and 
at the locomotive sheds. 

Mr. Blakemore also makes an important point when 
he draws attention to the effect of the rising cost of 
coal. ^Nobody doubts that coal costs will tend to 
rise rather than fall, and that the least improvement 
in the internal trade of this country would result in a 
substantial rise in coal prices. 

Mr. RawlTs point about the replacement of the 
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steam locomotives is aJdn to that made by Mr. Gill, 
but his supposition that the capital cost of the electric 
locomotives required to operate some portion of a S3^stem 
might be greater than the normal expenditure on steam- 
locomotive renewals for that section is least likely to 
apply to those sections electrified* which would be 
chosen,"as has been stated elsewhere, for their high 
traffic density, and on which the steam locomotive 
renewals-cost A^ould be above the average and the 
possibilities of continuous service of the electric loco¬ 
motives more nearly realizable. The estimates in 
Table 9, showing the relation of cost of current per 
engine-mile to traffic density per track-mile, allowed the 
very large sum of £12 per kilowatt of substation plant, 
the cost of a 6 000 kW substation being taken at 
£72 000, including a large battery. I do not consider 
that batteries would actually be required for main¬ 
line work, but I included them in order to make the 
estimates conservative and unassailable; with modem 
plant the contingency of appreciable interruptions to 
supply is extremely remote. 

• Mr. Lydall is correct in his assumptions with regard 
to curves 1 and 3 in Fig. 5, Curve 1 includes machinery 
resistances, that is the frictional resistance offered by 
the engine mechanism, in addition to the resistance of 
the locomotive as a vehicle; it has been derived by Mr. 
L. H. Fry from the results of a large number of tests 
on various locomotives but applies only to engines 
wdth six wheels coupled.* The machinery resistance 
of the locomotive at any speed may be taken to be 
9 per cent of the tractive effort at the tread of the wheels 
at that speed. Curve 3 represents only the vehicular 
resistance of the electric locomotive (see Appendix 4 
to paper) and is typical of locomotives having individual 
drives running on level straight track; it does not apply 
to locomotives having coupling rods. Very little is 
known about the average resistance of freight trains 
and I do not wish to suggest that curve 2 in Fig. 6 
is applicable to freight trains in general. The curve 
has been derived by Mr. Fry from the results of tests 
made by Sir John Aspinall on four-wheel fully-loaded 
10-ton goods wagons having an average tare weight 
of 6 tons, and it agrees well with some tests recently 
made by the London, Midland and Scottish Railway. 
In these latter tests, five in number, freight trains of 
weights between 800 and 1 260 tons trailing and made 
up of fully-loaded four-wheel wagons having an average 
gToss weight of 16 tons were hauled a distance of 24 J 
miles at an average speed of 16 miles per hour.f The 
average resistance, after making allowance for change 
in level, was found to be 8 lb. per ton. If allowance is 
made for the fact that the average^maximum speed 
reached in the tests was 26 m.p.h. it will be found that 
the agreement with curve 2 is very good. The resistance 
of freight trains as ordinarily built up, that is composed 
of mixed four-wheel and bogie wagons often only partly 
loaded, together with covered vans, must, in thea bsence 
of better experimental data, be estimated from results 
such as the above. With regard to the remark that 
curve 4 in Fig. 6 representing the resistance"* offered 
by L.M. and S, Railway passenger stock gives figures 

* For this and fornnihB for engines with four and eight wheels coupled, see 
Engineer^ 1909, vol. 107, p. 810. 

t See Table 7. 


which are high in comparison with theme obtained in 
tests on the New York Central Railway, this difference 
may well be accounted for by differences of weight, 
ty^e of bogie, etc., between the types of coach experi¬ 
mented with, and I believe that tffis curve, which has 
been derived from the results of recent experiments, 
is fairly representative of neodem paissenger stock 
as used in this country. However, in calculating the 
energy consumption for an electrified main line I 
purposely used a fairly high figure for tlie watt-hours 
per ton-mile in order to ensure that my estimates of 
saving should be conservative. 

In connection with the very interesting figures given by 
Mr. Lydall in regard to the mileage performed by electric 
locomotives, I believe that electric freight locomotives 
on the Midi Railway of France are doing 1 000 miles 
weeldy. 

In answer to Mr. Ferguson, it can only be repeated 
that it is the usual practice on British railways to 
double-head many trains, the two locomotives then 
used having usually a combined draw-bar pull of at 
least 60 000 lb. at starting, and 16 000 to 20 000 lb. 
when running. The rigid wheel-base of locomotives 
having driving wheels coupled by side rods should in 
general not exceed 17 feet, but with electric locomotives 
having individual axle drivers of the Brown Boveri 
type, in which side play of the axles may easily be 
provided for, this restriction does not apply and wheel¬ 
bases of 18 to 19 feet may be safely employed if desired. 
Messrs. Brown, Boveri's side-gear drive will pass through 
most of the English main-line gauges, and can easily 
be modified to pass any English main-line gauge. By 
the courtesy of the Swiss Federal Railways I recently 
inspected one of these locomotives after over 80 000 
miles* running on work quite equal to heavy main¬ 
line duty in England; everything about the loccmotive, 
including not only the gears but also the tyres, was in 
such perfect condition that the most sceptical steam- 
locomotive engineer or traffic officer would have been 
convinced that the claim that locomotive repair-costs 
would be reduced to between one-third and one-fifth 
those of steam locomotives was justified. With regard 
to the work done on the train as recorded by the dynamo¬ 
meter chart, this, of course, does not include the work 
required to propel the locomotive itself, which should 
be obtained by using curve 1. Further details in 
connection with this and the other resistance curves 
have been given in the reply to Mr. Lydall*s remarks. 

Mr. Povey, Major Coulston and Dr. Garrard all (haw 
attention to the increased use of station sites wnich 
could be made on an electrified line owing to the absence 
of steam and smoke, but it should also be pointed out 
that in the neighbourhood of London especially an?l 
other large towns the reduced accommodation reqiiired 
for locomotive stock would free an appreciable* acreage 
of valuable sites for other purposes. In this connection 
I again wish to repeat that the case I have endeavoured 
to make for main-line electrification is based solely 
on the economies to be effected in connection with 
locomotive operation and repairs. If the other and 
consequential advantages are included the case is 
unanswerable. 

Mft Medlyn need not fear interference with Post 



Comparison of Locomotives. 



♦ With Brown Boveri individual drive this figure may readily be reduced by extending the wheel-base. f Based on grate area, J For short period only at starting. 
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Office circuits by power lines; the principles to be 
observed to avoid such interference are well known. 
It is undesirable to put lead-covered cables in the near 
vicinity of electric railways worked on the direct- 
current system, but jute-served cables, even if laid 
in the ground, have proved immune.* 

Mr. Brooks's solution of the problem of raising and 
lowering the pantograph is very neat; it will, however, 
be necessary to provide means for preventing the motor- 
man from raising the pantograph until he is actually 
under the section equipped with the overhead collector 
wire, otherwise the pantograph might be raised pre¬ 
maturely and come in contact with some structure. 
For passenger work the provision of any overhead 
collector would probably be as unnecessary as it is for 
suburban electrifications. Its necessity arises in con¬ 
nection with freight-train operation and busy sidings 
where there is much movement of staff. As to one- 
man operation of main-line locomotives, there is little 
doubt that when the demand actually arises the technical 
sldll of British engineers is quite capable of provid¬ 
ing a control wliich will satisfy both the Ministry of 
Transport and the public as to its safety in operation. 
Every operating engineer will agree with his remarks 
as to the desirability of robustness and simplicity of 
design in electrical apparatus for railway work. The 
electric locomotive is, in fact, a simple piece of apparatus 
compared with a steam locomotive, owing to the fact 
that all moving parts have purely rotary motion, that 
no portion is exposed to high temperatures or large 
differences of temperature, and that the complicated 
portion, i.e. the electrical connections, are all permanent 


and stationary and require practically maintenance 
or inspection. 

Mr. Allcock should realize that the electrification 
of even 6 000 track-mile§ of main line, or about 15 
per cent of the total running track-mileage of Great 
Britain, would only increase the total capital of the 
railways by about 3 per ceift. As he suggests, an 
extensive electrification scheme of much less magnitude 
than the above would have a marked effect on the 
unemployment problem. 

Mr. Roger Smith suggests as a basis unit to be adopted 
for comparison purposes, ton-miles per engine-hour. 
Some such unit would be more satisfactory than that 
used in the paper, but its use would have involved a 
more elaborate statistical research than the time 
available permitted. I am in complete agreement with 
Mr. Roger Smith's other remarks and also Mr. 
Lydall's. It is improbable, however, that the weight 
of British trains will tend to increase very much; the 
weight of the freight trains is limited by their length, 
which, in turn, is limited by siding accommodation, 
and in passenger work the tendency is rather towards 
more frequent trains of less weight. 

In conclusion, I venture to add three more tables. 
Table C gives the principal locomotive operating 
statistics for 1923 for the four principal companies, 
as taken from their published accounts. Table D 
gives the prices of fuel suitable for power-station purposes 
to compare with that given for locomotive purposes in 
Table 4 of the paper. Table E is a most strildng com¬ 
parison between recently-built electric locomotives and 
the nearest comparable steam-locomotive combinations. 
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SELECTION OF BALL AND ROLLER BEARINGS FOR ELECTRICAL 

MACHINES* 

By T. D. Trees, Associate Member. 

{Paper first received 31s^ October, 1923, and in final form Zrd May, 1924.) 


Summary. 

The paper has been prepared to indicate the lines on which 
the selection of bearings should proceed in cases where it 
lias been decided to employ ball or roller bearings for 
electrical machines. 

In order that due allowance may be made for bearings 
under different conditions of loading, it is suggested that 
some method should be adopted that would employ definite 
factors graded according to the service required, by means 
of which the capacity of bearings could be properly checked 
when necessary. 

It is not sufficient simply to use the makers* tables of 
safe loads for all purposes, and certain “ load factors ** are 
put forward in order to furnish a rational basis of com¬ 
parison. 

In conclusion, observations of a general character are made 
with regard to capacities, costs, types, etc. 

A list of previous papers on the subject is given for 
reference. 


Introduction. 

The use of ball and roEer bearings in nearly all classes 
of machinery has grown considerably in recent years, 
particularly since the war, and although comparatively 
few elepctrical manufacturers used them in standard 
practice in pre-war days, various firms have now adopted 
them in their standard machines. 

It is not desired to discuss the relative merits of the 
different types which may be used or the advantages 
and disadvantages of ball and roller bearings in general, 
although widely different ideas appear to be held by 
engineers with regard to their use in electrical machines. 
There is no doubt that ball and roller bearings offer 
certain advantages, but there is equally no doubt that 
their importance is sometimes rather exaggerated, and 
it is quite an open question whether it is worth while 
for the manufacturer to embody them as standard in 
preference to the ordinary ring-lubricated bearings. 
Some firms compromise by supplying their standard 
frame sizes with either type, according to the require- 
^j 3 .ents of the customer. 

Papers dealing with the design and manufacture of 
ball and roller bearings have been read by various 
authorities, but mainlj'’ from considerations of interest 
to the bearing manufacturer or the automobile engineer, 
and articles of either a theoretical or descriptive nature 
have appeared in the technical Press from time to time. 

The present paper is presented as an attempt to 

♦ The Papers Committee invite written communications {with a view to 
publication in the Journal iPapproved by the Committee) on papers published 
irt the joupua without being read at a meeting. Communications should reach 
the Secretary of the Institution not later tlian one month aftei* publication of 
the paper to which they relate. ^ 


amplify the work above referred to, since it is thought 
that -^e mathematical papers and articles on ball 
bearings published hitherto have been of only a limited 
value to the machine designer or operating engineer. 

The design and manufacture of ball bearings is quite a 
special subject, and formulae which may be accepted as 
being theoretically correct offer little assisteince to 
the practical engineer or the user of these bearings, 
because such formulae should only be used in combina¬ 
tion with certain constants or allowances which have 
been derived from the results of tests and experience in 
actual manufacture. Thus it may be easily Understood 
that the quality of the materials used, the relative 
proportions of the balls, races and grooves, and the 
accuracy of wwkmanship, etc., are all vital factors to 
be considered. These factors are fully known by tlie 
bearing maker only and in practice may differ appre¬ 
ciably as between one firm and another. 

It is therefore not proposed to deal with the theoretical 
side of the subject which has been so ably expounded, 
but it is felt that some notes on the selection of bearings 
may prove interesting and helpful. 

Although the engineer is not called upon to design 
the actual bearings it is essential that he should be able 
to determine whether or not his bearings are capable 
of sustaining the load imposed. It frequently happens 
in practice that a motor of standard frame size may be 
suitable electrically for a certain duty, but would not 
be reliable if fitted with bearings of the standard size. 
In such cases it too often occurs that the bearings are 
taken for granted or are passed as correct by simply 
checking the catalogue load tables without making any 
allowance for the nature of the load to be sustained. 

General. 

Supposing that it has been decided to use ball or 
roller bearings, how shall the size or type be determined? 
The electrical manufacturer, in general, takes the path 
of least resistance, or, in other words, hands the job over 
to the bearing njaker whose name happens to be best 
known to him, or the one who is most favoured at the 
time for some reason or other. This pracjjice has been 
adhered to, partly because it is so simple, but principally 
because the bearing makers recommend and encourage 
it. In some catalogues the load-carrying capacity of 
the bearings is not stated at all; in others we are told 
that th^y are merely comparative figures, so that lack 
of confidence in the load tables published leads most 
engineers into accepting the makers* 'offer to determine 
the size and type of bearing necessary. Although much 
may be said for this method of dealing with the question. 
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it is not considered to be sound engineering practice, for 
reasons which wiU be given later. 

Another method that is sometimes used is to fit 
bearings of the same diameter as the standard ring- 
lubricated bearings employed on similar machines, 
without reference to the maker dir checking the load 
capacity in detail. This is not to be recommended; 
it may be satisfactory in the case of machines which 
have necessarify very stiff shafts, but the engineer is 
really working in the dark, and the bearing maker 
cannot be expected to accept any responsibility if the 
size thus chosen is not correct. 

The chief reason given for adopting the first of these 
methods is that the ball-bearing maker is a specialist 
and also one who has acquired much experience in 
the pursuit of his profession, but it should be realized 
that this experience has been obtained simply because 
he has tackled problems of all kinds that have been 
passed to him from many directions in response to 
his insistent invitations. 

Let us consider for a moment other details of a 
• 'machine^—^insulation, for example. The maker of the 
material gives test figures regarding electric strengths, 
tensile strengths, etc., but the designer determines the 
electrical or mechanical loading. Similarly for steels 
the maker will give the magnetic or mechanical pro¬ 
perties, but the engineer decides for himself with what 
flux density or stress he shall work the material under 
certain conditions. In the author's opinion it is no 
more rational to place the bearings out to be designed 
by anotlier firm than it would be to request the steel 
maker to design the shaft. 

There is no obvious reason why basic load values and 
allowances should not be assigned to ball and roller 
bearings of all sizes according to their type and make, 
by the aid of which the engineer could himself determine 
the size and type of bearings to employ on the machine, 
even though his factors of safety or allowances were not 
similar to those used by the bearing maker. After some 
experience he would have the great advantage of knowing 
fairly well what results to expect under almost every 
condition, and with this end in view the author is 
putting forward definite recommendations which are 
based on personal experience and may or may not 
agree with the practice followed by any bearing maker. 

Little or nothing has been pubhshed by Briijsh 
bearing makers regarding the allowances that should 
be made when selecting bearings to meet various 
requirements, and the engineer is assured that it is not 
possible to publish tables or charts to indicate the 
capacity of the bearings under varying conditions. 
Tables are published giving the mas^um steady load 
which the bearings will stand under continuous running 
for certain types and sizes. They do not state, however, 
what life may be expected for a bearing under the 
load and conditions quoted, nor are the load values 
guaranteed. This absence of definite information is 
regrettable, although there are very good reasons from 
the makers' point of view why all bearing problems 
should be referred to them. It should not be Expected 
that a motor nfanufacturer who is making standard 
machines in large quantities can afiord the time and 
trouble to submit each individual case for the bearing 


maker to consider, especially as in gxany instances 
stock machines are sold and guaranteed without the 
manufacturer knowing what is the exact nature of the 
drive and the resultant loads that will be imposed on 
the bearings. In special cases where a non-standard 
machine is being designed, suitable bearings can be chosen 
for the particular duty required, but when considering 
the selection of bearings for a standard line of motors 
it is essential to ensure that the shafts and bearings are 
large enough to withstand the maximum loads which 
are likely to be imposed upon them under any conditions 
for which the motors may be designed, 

For simplicity of production when manufacturing 
machines for general purposes it is not desirable or 
customary to design the bearings for each individual 
service, and therefore it will frequently happen that 
the machine is employed for a duty which does not by 
any means load the bearings to their maximum'Capacity. 
For example, there may be steady loads such as are 
experienced in direct-coupled motor-generator sets in 
which the drive subjects the shafts to torsion only and 
the sole function of the bearings is to support the weight 
of tlie rotors. On the other hand, a machine may have 
to withstand severe shocks such as are experienced 
when driving rolls or crushers through gearing. In 
each of these cases machines having the same size of 
frame may be capable of giving the output required, 
but obviously if the bearings fitted are capable of 
withstanding the latter duty much fighter bearings could 
be employed if desired on the machine which is not 
subjected, by the nature of the drive, to additional 
external load. 

Due to the increased output developed in the case of 
intermittently rated motors such as those used for 
crane duty, the bearings are subjected to still heavier 
loads for machines having the same size of frame. 
Therefore, if the standard motors are to be suitable for 
intermittent ratings, it is necessary to provide stiff 
shafts and bearings of ample capacity when^the mechan¬ 
ical design is standardized for each machine. In general, 
standard motors only have one size of shaft per motor, 
but it is a matter of policy rather than of design to 
settle in the first case the purposes for which the 
machines shall be manufactured. With some firyns it 
is the practice to make a standard fine of machines for 
general duties, but to supply similar machines with 
stiffer shafts and larger bearings for crane ratings. 

Selection. 

Assuming that the above general questions have*been 
reviewed and settled, it is now proposed to examine 
various types of drives which may be used and to suggest 
comparative methods of determining the load-carryiftg 
capacity of the bearings under these conditions. • 

It is not sufficient simply to calculate the lA^eoretical 
load and choose a bearing suitable for this capacity 
from the load tables, without making certain allowances 
according to the type of drive employed. The theoretical 
bearing load should be multiplied by some value (which 
is here called the load factor ") before the bearing 
size is selected. Although in' certain cases it may 
happen that values given in manufacturers' load tables 
areiar too high, in using the load factors given later 
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m the paper it^ assumed that the load tables published 
are not too optimistic and that with ordinary good 
fitting the bearings may be expected to have a reasonable 
life when running under conditions similar to those on 
which the tables are^based. * 

Belt drives ,—It is considered desirable to draw atten¬ 
tion to a few important ppints regarding the calculations 
of the belt puU, Although these may appear obvious, 
it is found that they are frequently overlooked in 
practice. It should alwa 3 rs be borne in mind that the 
standard formula for the ratio between the tensions on 
the tight and slack sides respectively is correct only 
when the belt is on the point of slipping. SuMcient 
initial tension must be applied in order to ensure that 
the belt will not slip at the maximum overload of the 
machine, and this initial tension is usually much greater 
than that theoretically required to transmit the normal 
full-load output. At any load less than the maximum 
overload that the belt will transmit, the tensions on 
the tight and slack sides will automatically adjust 
themselves so that the difierence in belt tension is 
equal to the effort required to transmit the lower power, 
and the total belt pull on the bearing will be the same 
at all loads if the motor is running at constant speed. 
In the case of machines which run at variable speeds. 
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Fig. 1. 


however, the bearing load will be rather greater at the 
low spe^s than at the high speeds, because the centri¬ 
fugal force acting on the belt is less at tliose speeds, 
and therefore the belt pressure on the pulley is not 
relieved to the same extent. 

It is interesting to note that if a heavier belt than 
necessary be fitted a greater centrifugal force has to be 
counterbalanced at full speed, and consequently a greater 
initial belt tension is required than would be the case 
with a lighter belt. Due to the absence of the centrifugal 
effect at starting, the bearing loads are higher than 
when running, but it is not considered necessary to 
maJce allowance for this fact, as this increased load 
occurs for a brief period only. In this connection it 
may^be observed that a belt drive is able to transmit 
a certain amount of torque over and above its full-load 
torque. This amount depends on the initial belt tension 
aiJd the final running speed of the machine. 

The* chief point that it is desired to emphasize is that 
the puU bn the bearing will be practically the same at 
all outputs of the machine and that it depends primarily 
on the initial belt tension. 

Another fundamental rule is frequently overlooked 
in practice when the effect of the leverage of the 
shaft when calculatihg the belt pull on the bearing is 
neglected. This mayjnean that the figure thus arrived 
at may be an 3 rthing from 10 to 25 per cent too low. 
For example, in the case shown in Fig. 1, where 


W = belt pull, A = bearing centres, and B = pulley 
centre, tiie actual load on the driving-end bearing due 
to belt pull is 



For normal leather-belt drives and for cases ifi which 
the angle of drive and the arc of contact, etc., are not 
known, it may be assumed that the ratio of the belt 
tensions is 2-6 : 1, i.e, the total belt pull is 2*33 times 
the effective belt pull.* In addition, as the motor is 
frequently guaranteed to withstand an overload of 
60 per cent momentarily, allowance must be made for 
this fact in order to ensure that the belt will not slip 
at the maximum overload, and the initial belt tension 
should allow, say, a 10 per cent margin. 

Taking into account these various factors the total 
belt pull becomes 

.p__2'33 X 1*6 X 1*1 X horse-power x 33 000 

? 

3*86 X horse-power X 33 000 
V 

where F = velocity of belt in ft, per min. 

For general purposes and for convenience it is pro¬ 
posed to use a round figure and make the ** load 
factor " 4. Thus 


Belt pull == 


4 X horse-power x 33 000 

y 


Gear drives .—In contrast to the load imposed on the 
bearings by belt drives, the bearing load for a geared 
drive varies directly with the output of the machine, 
and in the case of a motor for a var 3 dng load the bearing 
is consequently not alwa 3 rs working under the maximum 
conditions of loading. Although the bearing must be 
large enough to withstand peak loads, its life should be 
considerably longer than that of the bearing running 
continuously under such peak-load conditions as those 
customary for belt drives. On the other hand, however, 
some allowance must be made for inaccurate machining 
of the gear teeth, as altliough a high standard of pre¬ 
cision has been attained in gear-cutting practice one 
cannot expect to obtain absolutely perfect meshing of 
thS teeth. It is well known that exceedingly high loads 
may be impressed on the teeth if the gears do not mesh 
accurately, and it has been stated by one authorityf 
that these impressed loads increase in direct proportion 
to the square of the tooth velocity. 

When designing gearing it is customary to increase 
the factor of safety by working the teeth at lower 
stresses at the higher tooth velocities. The arbitrary 
values of the permissible stresses at various velocities 
given by Wilfred LewisJ have long been adopted as 
standard and proved satisfactory in practice. Allowance 
should be made in a somewhat similar manner for the 

Bicieiit of friction and the arc of contact are such 
btained for this ratio, the load factor should be 

Vereines DaUscher Ingenieure, 1899, vol. 43, 
Apamson : “ Spur Gearing,” Proceedings of the 
pneerSf 1910, Jan.-May, p. 363. 

\neers\ Club of Phil4tdelphia, 1898, vol. 10, p. 10. 
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probable increase of load imposed on the bearing by- 
tooth pressure as the pitch-line velocity increases. 

The curves in Fig. 2 have been drawn to illustrate 
the author's suggested load factors. For ordinary non¬ 
reversing metal spur-gearing, the load factors given 
by curve A may generally be recomfiiended. 

In motors which may be continually reversing, the 
bearings will probably be subjected to additional shock 
loads due to “ backlash," and it is considered that some 
higher load factors (as given in curve B) should be 
assumed when selecting the bearings. 

Where the motors are fitted with non-metallic pinions 
such as paper, raw hide or fabric, it is expected that the 
shocks will not be so severe, consequently slightly lower 
load factors may be used, such as those shown in curve C, 
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In order to make the meaning of this fverload factor 
clear, let us assume two cases :— 

{a) 20-h.p. motor capable of developing 100 per cent 
overload momently. • 

(5) 20-h.p. motor capable of developing 25 per cent 
overload for J hour aij^d capable of developing 
100 per cent overload momentarily. 

For case (a ),—^The equivalent bearing load should be 
taken as that due to 20 X 1*5 (from Fig. 3) = 30 h.p. 

For case (6).—^The 100 per cent momentary overload 
is equal to a 60 per cent increase on the maximum 
half-hour output of 126 per cent. 

The constant Z, therefore, is now 1*3 (from Fig. 3) 
and the maximum sustained load of 1*25 should be 



Fig. 2.—Bearing load factors for machine-cut gearing. 


whilst for double helical gearing a still lower factor may 
be employed, as much smoother running is obtained, 
the values suggested in this case being shown by 
curve D. 

In order to avoid confusion, no curves have been shown 
for reversing-gears of the raw hide or double helical 
t 3 rpes; but an increased load factor should certainly 
be allowed for reversing-gear drives similar to that 
shown by the two curves for spur gears. 

For machines which are guaranteed to withstand 
such an overload as 25 per cent for half an hour, it is 
of course essential that the gear thrust should be cal¬ 
culated at this overload. For momentary overloads, 
however, it is not thought necessary to base the capacity 
of the bearing on the maximum overload, but a somewhat 
lower factor should be used which ms^ be taken from 
Fig. 3. The equivalent gear thrust then becomes 

• X Z X P X 33 000 
F X cos 0 

where P ~ maximum power (expressed in horse-power) 
other than momentary overload, ^ 

V = tooth velocity at pitch circle in ft. per min., 
d = pressure angle of gear, 
h = load facte from Fig. 2, 

I r= overload factor from Fi§. 3. 


multiplied by this factor. The equivalent bearing load 
is thus due to 1*25 x 1*3 x 20 = 32 • 6 h.p. 

Rope drives .—It will generally be found that rope 
drives are not employed on motors of the smaller outputs 
such as those in a standard range of sizes fitted with 



ball or roller bearings, but are more commonly used on 
the larger machines in which the standard practice is 
to use lubricated bearings. Although for this reason it 
may not be necessary for some manufacturers to concern 
themselves with the loads to be expected, yet other 
firms will find it desirable to make provision for rope 
drives in special cases if not in their standard lines. 
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Where this tyf e of drive is used, it is to be noted that 
the conditions regarding initial tension and load being 
continually on the bearings, etc., are similar to those 
discussed for machines with \^elt drives. 

The use of grooved pulleys is customary, and by a 
wedging effect the grooves of standard shape considerably 
increase the effective vai^ue of the coefficient of friction 
between the ropes and the pulleys. In consequence the 
tension on the slack side is very much lower than that 
required for an ordinary belt drive transmitting the 
same output, the ratio of the tensions being approxi- 
mately 4:1. The corresponding expression for the 
rope pull then becomes 

1*66 X 1 -5 X 1*1 X horse-power x 33 000 
F ^ 

which simplifies to 

^*75 X horse-power X 33 000 
F ~ 

Link belts with grooved pulleys.~lt is occasionally 
necessary for machines of moderate output to use 
leather link belts of tapered width running in grooved 
pul eys. In such cases, as in ordinary rope drives, the 
we ging ^tion increases the effective coefficient of 
friction. Therefore the tension on the slack side and 
consequently the total load on the bearing is lower than 
that necessary for belt drives with flat pulleys, and the 
formula for the belt pull may be taken as 

2 X ho rse-power x 33 000 
- ~ 

the load on the bearing at all outputs being practically 
equal to the initial tension, as in the usual belt drive. 

Chain drives.— Wh.QX& chain drives are employed for 
transmuting the power developed, the conditions are 
more like those obtaining for gears, since no tension is 
necessary on the slack side of the chain, and the load 
on the bearing is directly proportional to the output 
the machine. However, although there is no slip 
such as IS experienced with belts, and the drive is 
positive, a considerable amount of flexibility is gained 
frorn the working clearances between the links and pins 
of which the bearing should not have to 
withstand anything like the same amount of incre¬ 
mental load due to inequalities of pitch and vibration 

^ these reasons the 

load factor can be omitted and the load on the sprocket 
usual range of chain speeds (from 500 to 
I oOO ft. per mm.) may be taken as 


P X S3 000 X I 


(I from Fig. 3) 


In some instances the weight of the chain may 
appreciably affect the bearing load; this naturally 
depends on the position of the motor relative to the 
drive. For the roller chain such as may be used for 
low speeds up to 50 h.p., the total weight of the chain 
for average conditions may be approximately equivalent 
to 10 per cent of j:he effective chain puU. For the 
silent cjiain type generally used for higher speeds the 
Cham weight will vary from about 5 per cent to 20 per 


■ cent of the effective chain pull for average drives from 
3 to 200 h.p. It will be necessary to make allowances 
in this respect to meet individual conditions, in the 
same way that one should include the weight of belt 
or rope pulleys, flywheels, clutches or gearing, etc., 
when considering the total bearing load. 

I Direct coupling.—For direct-coupled machines not 
I subject to such external loads as are described above, 

I it is considered that the bearing should be capable of 
j withstanding under steady running conditions the 
I amounts stated in the makers’ load tables. At the 
j same time, however, it is pointed out that considerable 
; loads may be impressed on the bearings unless direct- 
coupled sets are properly lined up on the same bed¬ 
plate. In cases where there is a possibility of the 
machines gettmg out of line, flexible couplings should 
be used, but in this connection it is important to observe 
that tlie fitting of a flexible coupling does not obviate 
j the necessity for careful lining up when erecting, 
j When a unit having several bearings is required, such 
I as a motor-generator set in which two or more machines 
! are connected by solid couplings, it is preferable to havfe 
I only one thrust bearing fitted for the complete set, as 
if a thrust bearing is fitted to each machine an initial 
load may be imposed on these bearings when the 
couplings are being bolted together. Similarly, if the 
thrust is to be taken by journal or location bearings, 
only one bearing in the complete set should be fixed’ 
the remainder being given sufiicient end-play in the 
housings to enable them to take up their correct running 
position without restraint. 

Loads due to miscellaneous causes. —In addition to the 
specific cases mentioned above, the bearings have to 
withstand loads due to causes which are frequently lost 
sight of, and, although it is not proposed to go into 
I details as to what allowance should be made for all cases, 

[ it is considered desirable to draw attention to some of 
these points. For example, when bevel or single helical 
gears are fitted on the motor shaft a certain axial thrust 
from the gears has to be sustained by the motor bearings, 
whilst, when double helical gears are employed, provision 
should be made for a small end-play, either on the 
amiature shaft or the gear-wheel shaft, in order that the 
pinion may centre itself with the gear wheel. If this 
is not done, end thrust will be set up in one or other 
of the bearings. 

The unbalanced magnetic pull due to shaft deflection 
and bearing wear, which may be present in certain 
machines, can be determined by well-known methods, 
but is often neglected when calculating bearing loads. 
Although it has not the same importance as when 
ring-lubricated bearings are employed, it should not 
be ignored. 

Some trouble was experienced with certain vertical 
motor-generators fitted with ball bearings; this was 
simply due to the fact that the necessity of having 
shafts just as stiff for vertical as for horizontal machines 
was not properly understood. Because there was no 
external drive and the load due to gravity was not 
acting bn the shaft and journal bearings as in horizontal 
machines,_ it was apparently assumed that small shafts 
and bearings could be employed. Such reasoning is 
unsound, because for high-speed machinery, such as 




ROLLER BEARINGS FOR ELECTRICAL MACHINES. 


electric motors, it is necessary to consider the whirling 
action of the rotor, and in order that the critical speed 
of the shaft shall not be near to the normal running 
speed it is essential to provide a shaft of exactly the 
same stiffness, whether the motor be horizontal or 
vertical. If the shaft is not stiff endugh, vibrations will 
be set lip and, as a result, severe loads may be imposed 
on the bearings, thus causing trouble for which the 
bearings are often unjustly blamed. 

Another important question is that of the machine 
fitted with a third bearing. It is a very common 
practice in these cases to assume that the load from 
the drive is shared equally between the outer bearing 
and the bearing at the driving end of the motor, and that 
the weight of the motor is shared proportionally between 
the two motor bearings. This method of calculating the 
bearing loads is quite wrong and may lead to bearing 
trouble. There are various methods of arriving at the 
actual load on each bearing, but these need not be 
discussed here. Generally speaking, the middle bearing 
may be expected to carry about 70 per cent of the 
total load due to both the weight of the rotor and 
the load imposed by the drive. Usually, most of the 
remainder is carried by the outer bearing because the 
driving load is much greater than the weight of the 
rotor, whilst the motor bearing remote from the drive 
may only be called upon to CBxry about 3 or 6, per cent 
of the total load, dependent on the direction in which 
the driving load is acting in relation to the downward 
weight of the rotor and the distance between bearing 
centres. Similarly in the case of direct-coupled motor- 
generator sets with three bearings, the middle bearing 
should be capable of supporting probably about five- 
eighths of the total weight of both rotors, and, unless 
correct methods be employed for calculating the bearing 
loads, it is probable that smaller bearings than are 
necessary may be selected for the centre bearings of 
both three- and four-bearing sets. 

The above remarks oxe made on the assumption that 
the shafts are horizontal, but again one must not over¬ 
look the effect of incorrect alignment. In practice it 
is dificult to obtain perfect alignment, and if the outer 
bearings are higher than the centre bearings the load 
will be more evenly distributed. Therefore, while it is 
necessary to make tlie centre bearings large enough to 
carry safely the maximum theoretical load (assumuig 
that the bearings are all horizontal) it is also desirable 
to put in larger outer bearings tlian appears to be 
necessary, due to the fact that the bearings will seldom 
be perfectly in line. 

For machines which are intended to operate in 
tropical climates or in situations wh^e high tempera¬ 
tures are experienced, it may be necessary to reduce 
the permissdDle bearing loads. The bearings may be 
expected to* operate satisfactorily, for the loads given 
in the makers* tables, with suitable load factors such 
as have been suggested, at temperatures up to about 
60^ C. In many situations such as engine rooms in 
India and on board ship in the tropics, the tempemture 
of the bearings may exceed this figure and it is aesirable 
to specify a lubricating grease of a high melting point 
and also to reduce the permissible loads to, say, 80 per 
cent of the normal values. 
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Wiile various questions have now bee» dealt with ijJ 
order to provide for the different types of loads which 
may be imposed, no mention has been made of any 
factor connected with the duration of service. Obvi¬ 
ously, one may expect the bearings of a motor which 
is run at only infrequent intervals and for short periods 
to have a much longer life than 4he bearings of a machine 
which is running for 24 hours per day and 7 days per 
week, and in consequence one may say that the bearings 
in the first case could be run at a much lower margin 
of safety. 

It has been stated that tlie life of ball bearings varies 
approximately inversely as the cube of the load carried. 
Thus, on this basis, the bearings of a machine which is 
running for only 1 hour per day could carry twice as 
much load as those of a machine running 8 hours per day, 
given the same size and life of the bearings. Although 
this may be usefully considered in special cases, it is 
not proposed to introduce a “ life factor ** for general 
use when selecting bearings for a standard line of 
machines. It may be said that this point is taken 
account of more or less automatically by the well-known 
fact that electrical machines, when running at inter¬ 
mittent or short-time ratings, will give a much higher 
output for the same temperature-rise than when running 
continuously, and as the manufacturer naturally wishes 
to use the same size of bearings whatever the duty, the 
result generally will be that the intermittently rated 
machine with heavier loads will have approximately 
the same bearing life as the continuously running 
machine with lighter loads. However, for a standard 
line it is not desirable to assume that for short-time 
ratings the bearings can safely be expected to carry 
heavier loads than those suggested by the foregoing load 
factors. It is not fair to choose small sizes on the 
assumption that all machines under these conditions 
have only a very small working life. It is obvious that 
a motor may be intermittently rated and may still 
have to run continuously, being on light load most of 
the time. The bearings, therefore, are not necessarily 
to be under the same rating conditions as the motor in 
which they are fitted, and they may also be operating 
under the same load whether the motor is developing 
its full output or running light. 

General Considerations. 

There are many considerations which may influence 
the choice of bearings, and various observations which 
may be of interest may now be made. For example, as 
already stated, although bearings of the same fype, 
size and price, may be purchased from different finns, 
the loads which may be safely carried by these bearings, 
according to the makers* tables, vary considerably. 
This is filustrated by the curves in Fig. 4 plotted^from 
the loads quoted by different British manufacturers. 
It is interesting to note also that according to general 
practice the quoted safe load is directly proportional 
to the square of the shaft diameter. It is ra-^er a 
striking fact that, taking bearings of, say, 3 inches 
diameter, the safe load which may be carried varies 
from 2 000 to 7 700 lb. even froi^ these curves, which 
do not include heavy-type bearings. The curves havd 
been«plotted from the makers’ safe loads at 1 000 r.p.m.. 
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this speed beiifg chosen for the purpose of illustration 
since it is a common motor speed. For journal bearings 
it Appears to be the general practice among bearing 
makers to quote such values that the load varies 
inversely as the cubfi root of the speed (r.p.m.). 

Several formula have been published from time to 
time to give the load capacity of ball and roller bearings, 
but it is not desirable to take'a general formula and 
apply it to any particular make in the absence of definite 
information, unless it is recognized that only an 
approximate result can be obtained. Even when the 
diameter and number of balls or rollers and the diameter 
of the ball track are known, there are unknown differ¬ 
ences in design and manufacture, clearance and materials, 
which reduce the value of the average formula. How¬ 
ever, if one is dealing regularly with one particular 


largely by factors apart from the output and speed, 
and depends on the rotor weight, distance between 
bearing centres, whether the core is built on a sleeve 
or not, size of air-gap, etc. It therefore follows that 
one may have shafts of a larger diameter than 
another for the saihe outputs, and in cases where the 
shafts are comparatively large it may not pay to fit 
medium-t 5 rpe bearings, but for smaller shafts the 
medium t^npe becomes necessary. If tiie bearing cost 
is not important, then for the average machine it is 
better to fit medium-type bearings, the increase in cost 
being a smaller percentage than the increase in load 
capacity obtained, and a reserve capacity is obtained 
which gives improved reliability for normal drives and 
entails less departure from standard construction for 
higher-load conditions in special cases. 



make and type of bearing, and prefers to have a formula, 
it is easy to see that:— 

Safe load at 1 000 r.p.m. = + h 

and. Safe load at any speed v = {aD^ + 000/u) 

where a and h arc constants, D — diameter of bearing, 
and 1 ? is expressed in r.p.m. 

This can readily be solved for o> and h by plotting 
from the makers* load table. 

II; is not proposed to dicuss the heavy types or metric 
sizes as this would unnecessarily lengthen the paper. 
The bearings usually employed in electrical machines 
^e the light and medium types which are generally 
capable of carrying the loads normally experienced. 

In^th^ determination of the most suitable journal 
bearing for a standard line, it is natural that cost should 
be a deciding factor if reliability and capacity are not 
thereby affected. It will be found that, load for load, 
the medium-type bearing is cheaper than the light t 3 q>e 
in most British makes. The question of type is not, 
however, merely a question of load and cost; it may- 
probably be determined automatically by the size of 
shafts r-equired for the construction of the particular 
machines under review. The shaft size is gov&rned 


The diameter of the bearing for the light type is from 
1- 3 to 1*6 times the diameter necessary for a medium- 
type bearing of the same capacity, and in some cases 
where the former has been preferred the bearings are 
mounted on sleeves or hubs to avoid increasing the shaft 
diameter. This practice can often be adopted with 
advantage in vertical machines having a direct-coupled 

drive. ^ -x i 

It may be of interest to compare the capacity ana 

cost of average bearings of given diameters, allbough, 
as already pointed out, these are not necessarily the 
deciding factors. In the curves shown in Fig. 5 the 
medium-t 3 ^e ball-bearing cost and load have both 
been taken as unity. It is then clear (if we accept tiie 
general statement from the makers that a rpller bearing 
will safely carry 60 per cent more load than the single¬ 
row ball bearing of the same make) that the roller 
bearing is a really good investment for the heavier 
loads. Naturally, this does not mean that one should 
fit roller bearings whether there is sufficient work for 
them to do or not; in cases where they^ are not necessary 
it is hardly good business to increase the cost of the 
machines by fitting roller bearings throughout. 

The external dimejtsions of the roller and ball bearings 
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of similar types are identical and the methods of 
mounting are similar except that the outer race of the 
roller bearing should be clamped stationary. Therefore 
with very little modification to the bearing housings or 
caps either type can be fitted, and it is suggested that 
it may be worth while to consider*the fitting of both 
in a standard line. Provision may be made by suitable 
machining, so that for light and medium duties ball 
bearings are usai, and for heavy duties roller bearings. 
Generalizations have been made by one firm regarding 
the fitting of ball bearings in motors up to a certain 
horse-power, and roller bearings in motors above this 
horse-power. It will, however, be apparent from the 
paper that the selection of the bearing is not merely a 
question of the horse-power transmitted, and conse¬ 
quently it is not correct to lay down definite rules that 
are only arbitrary and in practice tend to hamper clear 



Fig, S.^Comparative load capacity and cost of average 
bearings. 


thinking. Sweeping statements, such as the above, are 
apt to be accepted by some engineers without con¬ 
sideration if put forward in an attractive manner, and 
although it may be safe to follow such rough-and-ready 
rules it may not be economical or necessary. 

With the roller bearing of the short, parallel type 
which is referred to above, and is in most common use, 
it is necessary to make provision for supporting the end 
thrust on the shaft. This may be accomplished by 
using a radial ball bearing at the commutator or slip¬ 
ring end to carry the combined radial and thrust load, 
or by fitting *a separate location bearing, or by means 
of a thrust bearing in addition to the journals. The 
last two methods entail an additional cost which need 
not be incurred in the majority of cases. The bearing 
remote from the driving end is usually lightly Ipaded, 
and a ball bearing can easily be arranged to t3ke the 
end thrust. In this case it is preferable to use a bearing 
of the non-filling slot type ; although those with filling 
slots in the ball races may be suitable in general, it is 


considered that filling slots introduce^ weak point 
into the bearing and render it more liable to failure 
when running under maximum load conditions. | 
The following formulae have been given by various 
firms for determining the* permissible combined radial 
and thrust load :— 


W + R 

TF =* + i? 
TF = 6T -h jR 
W = IT + B 


(For self-aligning bearings) 

F = + (0-0004v-i- 0*8)ir 

(For single-row bearings without filling slot) 
TF=:JR + (0*0004 v-h V^)T 
(For single-row bearings with filling slot) 

where TF == equivalent radial load, 

B = radial load, 

T = thrust load, 
a = pressure angle, 

V = speed (r.p.m.). 


It is considered that general requirements will be met 
by the use of the expression TF = 32* -f JR, but the 
value of B must include the load factors previously 
suggested. 

In the author’s opinion an excellent combination for 
motors subject to heavy duties is to fit a medium-type 
parallel roller bearing at the driving end, and a medium- 
type double-row self-aligning bearing of the same 
diameter at the other end to support both the radial 
and thrust loads. If it is desired to fit separate location 
bearings it may be assumed that the capacity fpr axial 
loads is equal to 26 per cent of the rated radial loads. 
A thrust bearing is very commonly fitted not only for 
roller bearings but also when ball journals are employed, 
and it will be found that where these are required it is 
preferable to purchase them with sleeves ready for 
mounting direct on the shaft, tlius eliminating a possi¬ 
bility of careless adjustment during assembly. Suitable 
sizes are put forward for both medium- and light-type 
thrust bearings in Fig. 6. 

Taking the medium-type location bearing with an end- 
thrust capacity assumed equivalent to 26 per cent of 
tlie radial load, it is found that the light-type thrust 
washer of the sizes suggested is cheaper and of e^ual 
or greater capacity. Except in extreme cases, however, 
the author considers that the combined duty of journal 
and thrust, bearing can be sustained successfully by the 
self-aligning type fitted remote from the driving end ill 
motors up to about 200 h.p. 

The leading bearing manufacturers issue publications 
containing a great deal of information in regard to the 
applications of their respective products, and it is not 
desired to include such matter in this paper. No 
comments will therefore be made on methods of 
mounting, machining allowances, etc,, except to remark 
that the makers’ instructions reg^ding fitting should^ 
be carefully carried out. « 

It is well known that ball and roller bearings are 
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plendid exar^ples of the high standard of precision 
which can be obtained in everyday engineering practice, 
aj|d it should be noted that this feature is absolutely 
essential to their proper functioning. It cannot be too 
strongly emphasized that articles which are made to 
such fine limits and which receive so much care at every 
stage of their construoton should be accorded a cor¬ 
responding amount of care from the time of their purchase 
until they are in actual operation. It is most probable 
that incorrect machining and fitting has been responsible 
for many of the troubles experienced, especially with 
those firms who have not manufactured standard 
machines with these bearings and in consequence may 



Diameter of shaft in joamal hearing, inches 

FiGj 6.—Sizes of thrust bearings (with sleeves) for use with 
medium-type ball or roller bearings. 

lack experience in this direction. From such instances 
mistaken prejudice may easily have arisen agamst ball 
bearings in general or against a certain type in particular. 

Gare should be taken to state definitely that the 
bearings are intended for use in electrical machinery, 
in order that the makers may supply bearings of the 
H slacktype to allow for expansion. The bearings 
should be inspected on receipt in order to ensure tiiat 
the coiwect type has been sent, and then repacked in 
the makers* wrapping with the original protective 
grease covering on them. The bearings should on no 
account be permitted to lie about the stores or on the 
fitting benches unpacked. It is important that they 
should be properly protected from picking up dirt or 
iron filings, etc. 


The practice of repairing bearings or building up 
“new** bearings from old sets is not recommended. 
The manufacturers have most elaborate systems of 
gauging and selecting balls, rollers and races in order 
to obtain the high degree of accuracy necessary. When 
it is considered th«t a manufacturer will produce balls 
which differ by only 0;0001 inch between maximum 
and minimum, and then will sort these into five different 
lots for the purpose of assembling all bails in one bearing 
to within 0*00002 inch of the same size, it may be 
realized how inefficient the ordinary engineering shop 
is for this class of work. The amount of clearance, 
end-play, alignment and eccentricity are all important 
factors, and attempts to patch up old bearings for use 
in high-speed machinery should not be entertained. 

It has been suggested on various occasions that the 
sizes of bearings for electrical machines should be 
standardized according to the output and speed. The 
operating engineer does not always realize the difficulties 
of the designer, but there are many good reasons (which 
may be apparent from the points discussed in the 
paper) why the designer should be left free to determine 
his own size and type. The wide differences between 
the safe loads of various makes and types is one draw¬ 
back to the standardization of bearing diameters, and 
the different ty^es and proportions of machine con¬ 
struction for similar outputs is another difficulty. 

In the author*s opinion it is most undesirable that 
design details should be taken out of the responsible 
engineer*s control by a standardization committee, and 
the arbitrary methods usual to standardization should 
not be recommended in this connection. 

Many questions have not been touched upon, such 
as those affecting the theory and manufacture of the 
bearings; it was felt that these were rather outside 
the purpose of the present paper, which has been 
prepared from the engineer user*s point of view as an 
attempt to put forward helpful information for those 
interested in the application of these bearings. 
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Summary. 

On account of the great number of processes and trans¬ 
formations that energy undergoes between its acoustical 
source and the ear of a listener when wireless telephony is 
the means of transmission, it is not possible in a single paper 
to explore in detail all the av’’oidable and unavoidable 
possibilities of distortion. The proper understanding and 
application of certain general principles enable individual 
circumstances to be examined and indicate the path to be 
taken in the pursuit of high-quality transmission. 

In this paper, therefore, an attempt has been made first 
to define terms suitable to the scientific study of faithful 
feprodiiction, second to analyse into separate constituents 
the types of distortion occurring, and third to lay down 
the genera? principles above referred to and give them as 
far as possible a mathematical form. This has been done 
not only for the purpose of ensuring precision and definiteness 
of statement, but also to enable quantitative application 
to be made and to prepare a foundation on which to build 
as knowledge of the subject progresses. 

Special consideration has been given to transient phenomena 
because in much of the apparatus used for radio-telephony 
the ordinary forms of steady-state distortion can be reduced 
to a negligible amount. The consideration given to transients 
is, however, of a preliminary nature only; it is not possible 
to develop the study of transients in this paper beyond 
the simple cases of ** ironless circuits. An interesting and 
difficult field left open for investigation by mathematical 
and experimental means is the exploration of transient 
phenomena in circuits having impedance operators that 
are not single-valued functions. 

In Part II, the principal t 5 ^es of apparatus employed 
in radio-telephony have been considered in as general a 
way as possible. 

A biblidgraphy has been attached, where detailed investiga¬ 
tions will be found of many matters touched upon but lightly 
in this paper, because the presentation of matter covering 
so wide a field seemed to exclude extended investigations 
that had already received very full treatment as self-contained 
publications. * 


Introduction. 

It may probably be claimed justly that the art of 
reproducing the human voice or instrumental music 
has reached liigher perfection in the direction of electrical 
loud-speaking apparatus than in the gramophone. It 
is not unlikely that the cause of tins is directly traceable 
to the fact that the electrical transmission of speech 
has important commercial application in the telephone 
and that very extensive research has been possible 
and necessary with the funds available to the large 
public-utility companies which have to do wjth the 
telephone. 

Whether or no'tliese hypotheses be accepted, there 
is no question at aU that almost the only available 
information on the nature of speecfli and the effect of 


distortion is the result of research carried out for the 
purpose of telephony., It is probably not generally 
appreciated how far research has gone in the matter 
of improving and standardizing the quality of speech 
transmitted by telephone lines and cables. 

In the early days of telephony the economic factors 
were such that the principal problem was that of securing 
sufficient speech volume at the receiving end; almost 
from the first it was realized that the instruments and 
lines distorted the speech and lowered the intelligibilit 3 ^ 
but it was possible to erect lines in which the speech 
volume fell below a commercial value long before 
the line attained such length as would cause seriou* 
distortion. The advent of loading coils increased very 
considerably the distance over which telephonic com¬ 
munication was possible, but loading also brought with 
it on cables an improvement in the quality of the received 
speech. Finally, the invention of the thermionic 
valve, to which radio-telephony owes its development, 
made possible the only really successful telephone 
repeater by means of which it is possible to transmit 
speech unlimited distances over land. 

The telephone repeater brought with it a host of 
new problems, to most of which intensive researcli 
gained a speedy solution; above all, however, it reversed 
the order of relative importance of speech Jpudness 
and speech intelligibility; it became economically 
possible to obtain sufficient speech volume at the end 
of the longest line, but no improvement in intelligibility 
attended tlie increased range. Further, the results 
hitherto considered to be commercial left much to 
be desired; even at the present time telephonic com¬ 
munication is carried on with only about 60 per cent 
of the syllables correctly heard, the remainder being 
guessed by the context. When, however, unfamiliar 
names, isolated letters or figures are to be transmitted, 
the context is of no assistance and it is a matter of 
common experience that very great difficulties are 
encountered. , 

Definitions. 

The subject of faithfulness of reproduction in radio 
transmission requires a basis of definitions and^it is 
a matter of some care to select suitable definitions and 
to avoid confusing terms. The science of radio¬ 
telephony has developed rapidly, and has specialized 
for various obvious reasons along its o^ lines without 
much regard to the sister science of line telephony. 
This has led to some confusion; such terms as trans¬ 
mitter, receiver, high frequency, etc., mean one tiling 
to a telephone engined and another to a radio engineer.^ 
As this paper will deal with ground common i,o both 
sciences, and it is hardly possible to alter the accepted 
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ignificance of telephone terms, the following definitions 
will be adopted:— 

^The terms ** high frequency and *' low frequency " 
will not be used, but instead the terms radio or carrier 
frequencyand ** sjJbech frequency or audio frequenc 5 ^*' 
Transmitter ” and “ receiver ** will be used to 
designate tlie corresp®nding telephone instruments 
known in the radio art as microphones and headphones. 

The complete sending or receiving apparatus will 
be called a transmitting set or receiving set respectively. 

Turning now to the definitions with which repro« 
duction is to be studied :— 

The Articulation oi a reproducing system is the average 
percentage of monosyllables correctly received when 
conveyed by the system without context of any kind. 
Articulation measured in this way is a function of the 
ability of the observer as well as of the reproducing 
system. 

The Intelligibility of a reproducing system is the 
percentage of ideas correctly received when conveyed 
by the system and expressed in the form of short 
sentences. Intelligibility is a function of articulation. 



efficiency, per cent 

Fio. 1. 

The Traffic Efficiency of a reproducing system is 
inversely proportional to the time taken to convey a 
single simple idea over the system. 

Fig, 1 shows the relationship that has been experi¬ 
mentally established between articulation, intelligibility 
and traffic efficiency. 

The foregoing definitions have to do with the capability 
8f a system for transmitting ideas by means of speech. 
The‘coming of broadcasting calls for far more than 
the reproduction even of perfectly intelligible speech. 
Natural reproduction of the human voice and of music 
is required, and it is quite posable to obtain a high 
degree of speech quality as defined above without the 
reproduced voice sounding at all natural. 

It is not at present possible to specify degrees of 
naturalness or degrees of perfection in reproducing 
"music, ^though it is obviously possible to lay down 
the theoretical conditions for the exact reproduction 


of speech or music. For the present the follbwing 
semi-defined quantities must be recognized:— 

Naturalness is the similarity of reproduced speech 
or music to the original, apart from such properties 
as can be specifically defined under speech intelligibility. 

Perfection of Retproduction is the total degree of 
similarity of reproduced speech or music to the original, 
taking into consideration naturalness and those factors 
which affect intelligibility. 

In these two definitions it has been assumed that 
the intelligibility of a reproducing system which, as 
defined, refers to speech only is of some significance 
when the system reproduces music. This assumption 
is a very doubtful one, and it is probable that “ Perfection 
of Reproduction is the only heading under which 
the reproduction of music can be properly considered. 
For example, it has probably been observed by all 
who have had occasion to use a number of different 
i loud-speakers that some types are better than others 
j for speech, while some of those that are worse for speech 
I are better for music ; sometimes, even a receiver is 
found which reproduces a particular type of musical 
instrument very well indeed but is poor for other music 
or speech. In many ways, however, the perfection of 
reproduction for speech is a good all-round test of 
the characteristics of the system, and when speech is 
weU reproduced music also will generally be well repro¬ 
duced. 

Part I. 

Defects of Reproduced Speech. 

Reproduced speech may suffer from several distinct 
kinds of distortion, all of which are generally present 
to some extent. 

It is necessary to consider speech or music as capable 
of being expressed as a Fourier series. Strictly speaking, 
only vowel-like sounds or musical tones, i.e. sounds 
which can be indefinitely sustained, can be expressed 
as a Fourier series, but by a well-known extension 
a wave-form which is not repeated can be expressed 
in a similar form, and it is commonly accepted that 
problems in telephonic transmission may be regarded 
as steady-state problems; that is to say, all transients 
are neglected. This mode of regarding transmission 
t®.citly neglects one form of distortion and will have 
to be revised. The consonant sounds are in general 
transients, and all the reproducing apparatus should be 
capable of reproducing these transients faithfully; 
more will be said on this at a later stage. 

In so far as steady-state conditions may be assumed, 
the distortion that may occur is due either to the ratio 
of reproduction* being different for different single 
frequencies (frequency distortion), or to the repro¬ 
duction of different amplitudes at any gi\fen frequency 
in different ratios (amplitude distortion). In the 
latter case the distortion produced is two-fold ; first, 
the intensities of the sounds are not heard in their 
proper ratio, crescendo passages, for example, perhaps 
failing ^to show any appreciable crescendo effect; and 
second, a number of frequency com|>onents are intro¬ 
duced which were not in the original sound. 

It is apparent that another variable, namely phase/' 
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may be distorted, but it has been well established * that 
the relative phase of the reproduced frequencies makes 
no appreciable difference to the sound heard, although 
the shape of the wave-form may be very greatly changed 
by alterations of phase. ^ 

There is yet another kind of distortion which is of 
a somewhat different character and is caused by the 
non-linear relation between the response of the ear 
and the energy intensity of the sound heard. 

It is evident that if two sounds, one of which has 
twice the energy intensity of the other, are produced by 
a system which is capable of giving out these two sounds 
always with the same ratio of intensity but at different 
levels of absolute intensity, then because of the non¬ 
linear characteristics of the ear as regards both frequency 
and amplitude f they will only be interpreted in their 
correct ratio if the ear hears them at the same level 
of intensity as the original sounds would have been 
heard. Receiving apparatus ought therefore to be 
adjusted to give about the same volume of sound as 
is being used in the broadcasting studio, and if it is | 
incapable of giving the necessary output without intro¬ 
ducing other kinds of distortion, ideal results cannot 
be obtained. 

Frequency Distortion. 

Reference has been made to the distortion arising 
from amplification of various frequencies to unequal 
degrees: this is called “ frequency distortion and 
is at the same time both the simplest kind of distortion 
and the most difficult to eliminate from some of the 
apparatus used. 

The effect of frequency distortion on music can be 
easily conceived ; certain notes will ring out loudly 
while others will be lost; again, the higher harmonics 
which give timbre to tire notes will perhaps be lost, 
making it hard to identify the instrument that is being 
played. As regards speech, the very low audio fre¬ 
quencies up to, say, 600, and to a less extent the high 
audio frequencies, are responsible for naturalness and 
those characteristics which enable one to distinguish 
one voice from another. The range from 600 to 1 600 
carries most of the loudness and a considerable amount 
of the intelligibility. The range from 1.600 upwards 
is concerned less in the loudness of the sounds heard 
but is of supreme importance in securing high intelH- 
gibility, that is in enabling every sound to be correctly 
heard and interpreted without mental effort. 

It has been established { that higher audio frequencies 
can be masked, according to their intensity, by tones 
of lower pitch, so that if some of the* higher audio 
frequencies required in speech are reproduced in less 
than a certain ratio to the lower audio frequencies 
they might as well be absent altogether for all the effect 
they are capable of producing in ameliorating the 
quality. 

The circumstances that give rise to frequency dis¬ 
tortion have in general an effect upon the transmission 
of transients. For example, suppose there is an elecirical 
or mechaiUcal resonance in the apparatus with«, single 
free period. Then equation of a series resonant system 
may be written 


• See Bibliography (1). ^ ^ t Ibid,, (5). 

:|: Ibid., (2ancld); 

VoL. 62. 


where F(t) is the applied ♦force expressed as a function 
of the time; m, r and k are the inductance, resistance 
and capacity or equivalent mechanical quantities of 
the system ; then f/ represents furrent or velocit 3 ^ 

In (1) substitute = 2j8 ; — = coJ y = the 

' ' m ^ m at 

equation becomes 

-h 2J3I>-f % = ij-W ... (2) 

Then the steady-state solution when is a periodic 
force with angular velocity cd is 

^ ~ »n{K - w2)a -t- 4j82a.2}i75 ’ * ' 

a formula sufficiently well-known to require no comment, 
since it represents the current taken by a series resonant 
circuit in terms of the inductance, natural frequency, 
applied frequency and damping. It may perhaps be 
worth while pointing out that if in (3) m alone varies, 
cuo and r being held constant, the tuning becomes 
sharper as m increases, for the maximum amplitude 
of y is unchanged while all other values of y are reduced 
when m increases. Thus lightness of the moving parts 
of mechanism in the reproducing system is essential. 

Now examine the capabilities of the series resonant 
system represented by (1) for responding to transient 
forces. 

Suppose that a unit steady continuous force is suddenly 
applied so that the right-hand side of (2) becomes 
(l/m){l) where (1) signifies that the force is zero before 
time i — 0 and unity when t is positive. 

The well-lmown solution of the equation is*now 


y =-sinh yt 

my 


(i) 


in which = j 32 _ col Expression (4) applies when 
the system is heavily damped and y is real. With less 
damping y is imaginary, and the solution is witten 
as in (6) if y is still treated as real, while if y is 'zero 
the system is critically damped and the solution is as 
given in (6), thus:— 

y = ? — sin yt .(®) 

my * 

.•{«) 


From these three solutions it is seen that if free 
oscillations depending only on the structure of the 
system are to be avoided, the damping must be at 
least critical. 

The further application of these, foinnulae depends 
upon the circumstances of each case; the system may 
be a circuit coupled to the grid of a valve, and tiie 
formula must be developed according to the coupling 
. adopted: Thus if it is the voltage due to the current 
y through a resistance r in a series resonant circuit 
that operates on the grid, (4), (6) or (6) applies, after 
multJplying by r; but if it is the voltage across the 
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Miductlve eleiffcnt of tlie circuit that is effective, the 
formulas have to be operated on by m{dldt) ; and if 
it^js the voltage across the condenser that is effective, 
(4), (5) or (6) must J-je inlcgfated with respect to time 
and multiplied by In the last case only will 

the steady applied force ultimately produce a steady 
corresponding effect, • 


anode circuits, in the plate circuit side of intervalve 
transformers having high capacity, and so on. 

There is no reason to suppose that a reproducing 
system will be called upon to respond faithfully to a 
transient of the Irinjd discussed in Equations (4), (6) and 
(6), but the results have been given in som^ detail 
because the response of the system to any non-periodic 


The response to a transient force of the type considered 
lias lieen calculated for throe cases, and is shown by 
the curves of h'igs. 2 and 3, Fig. 2 shows the value 
of ?/ (ciirrcut or velocity) and Fig. 3 the integral of y 
proportional to displacement or electric charge. 

.By differentiation of (4), (5) and (6) it is found that 
the initial slope (at f =* 0) of the response curves in 
Fig, 2 is equal to 1/m, indicating again the importance 
of small moving mass in any mechanical system. Figs. 
2 and 3#>how that increased clamping retards the response 
after the first moment. 

'Co obtain a good approximation of the value of 
the displacement to the value of the applied force, 
it is essential that m should be small and the initial 
slope of the y curve correspondingly steep. The damping 
should be at least critical in order to prevent oscillations. 




applied force, or to any change of amplitude or frequency 
of a periodic force, can be obtained from its response 
to a suddenly applied steady force. It therefore seems 
reasonable to regard the response of a system to a 
suddenly applied steady force as a good indication of 
its behaviour towards the transients that will actually 
occur in speech and music. 



and the natural frequency should be high so as to limit 
the time over w^hich the disturbance lasts. 

Examination of Equation (3) shows that high natural 
frequency and small mass arc also the requisites for 
good reproduction under steady-state conditions, while 
liigh damping inu.st also be added if the natural frequency 
is not well outside the frequency region to be reproduced. 

The case of a series resonant system has been given 
fairly fully because of its inherently great importance; 
e.g. in the simple radio receiving circuit (Fig. 4) the 
aerial is a series resonant circuit, and the important 
qiiaritit;^ is the voltage across the inductance. Similarly 
(2) is a series resonant circuit provided that the grid 
conductivity can be neglected. Again, if the grid 
side of an intervalvc transformer has high capacity 
and the grid filament circuit has negligible conductance, 
a series resonant circuit similar to (2) is formed, Lastiy, 
the mechanism of a telephone receiver or loud-speaicer 
is a resonant systen>^of the same type expressible by 
‘Equation (1)* 

Parallel resonance circuits are met with in tuned 



Fig, 4. 


It is not proposed to examine in detail tlie many 
different t 3 ^es of elementary circuits and mechanisms 
involved in telephonic transmission; the methods of 
doing SQ have been developed elsewhere, and the possible 
combinations are very numerbus. for ex^ple, the 
total damping of the system can always be divided into 
two components, one useful, the other wastefully 
dissipative; in the^ase of an elecbrical circuit element 





POCOCK: FAITHFUL REPRODUCTION IN RADIO-TELEPHONY. 


795 , 

• _ 


there may be series or parallel resonance, and the total 
effective resistance, or either of its two components, 
may be in series or in parallel with either the inductive 
or capacitive element. It may, however, be noted 
that since parallel circuits contain elements similar 
to the elements of series resonance circuits, the potential, 
kinetic and dissipative energies of a parallel system 
enter into Lagrangian dynamical equations of the 
same form as series systems but with different co¬ 
ordinates ; the conditions for most faithful response 
can be derived by superposition of variables effective 
in series circuits, and will therefore be the same in 
parallel combinations as in series combinations. When 
we are concerned with the shunting effect of a parallel 
resonance circuit, so tliat attention is not directed to 
the response in the resonance circuit (e.g. in a tuned 
anode circuit), the same conditions apply, for it is only 
by the quick and faithful response of the bridging reso¬ 
nance circuit that the back E.M.F. necessary to maintain 
the fonn of the impressed voltage can be secured. 

* DiigFERENT Distorting Elements, Additive or 
Otherwise. 

The next inquiry wliile general principles are under 
study is the consideration of the effect, cumulative or 
otherwise, of two unilaterally coupled series resonant 
elements in the transmission chain. There may be 
two parts of the transmission system which are resonant 
in character but so situated that they do not react 
on each other, and their natural frequencies are inde¬ 
pendent. So far as frequency distortion goes, it is 
evident that if the two resonances have approximately 
the same damped frequency the distortion will be 
intensified, whereas if they have suitably different 
frequencies the overall response characteristic may be 
levelled up and, to a certain extent, improved. 

Again, it is evident that the steady-state frequency- 
distortion characteristic can be levelled up by the applica¬ 
tion of networks having suitable characteristics; as a 
simple example, the peaked form of the current/frequency 
curve in a series resonant system can be reduced to a 
less peaked form by the addition of a suitable parallel 
resonance circuit, which may be separated from the 
series circuit by a vacuum tube to prevent interaction 
of the impedance of the two elements. 

It is shown in the next section that the effect df 
successive distortions on the transient phenomena may 
be judged by its effect upon the steady-state frequency 
distortion. 

The Response-frequency Characteristic as a 
Criterion of Quality, 

The frequency distortion of any element of a re¬ 
producing system is shown by plotting the output or 
response against the frequency for an input voltage 
or force of constant amplitude. An element of the 
S 3 rstem is here taken to mean one complete closed 
circuit, or its mechanical equivalent. 

It is seen from Equations (3) and (4) that in the specific 
instance examinee^ the reproduction of a transient 
depends upon j3 and ojq, as also does the steady state, 
and the amplitude of reproduction is in both cases 
inversely proportional to m. 


It is shown in an Appendix that this reSition is general 
and that the response-frequency characteristic is related 
to the response for transients as well as for the ste^y 
state as far as analytical methods aare applicable. 

In order to obtain a more general conception of the 
performance of a system in respect of transients, suppose 
that the force acting is an(f the response is given by 

Y(t), both being functions of the time. Then these two 
functions are related (in an invariable system) by a 
third function, wliich depends upon the constants of 
the system only and may be thought of for the moment 
as a mutual admittance, as it actually is in the electrical 
case; it can therefore be expressed in a generalized 
way as a function of the circuit constants, and the 
operator d/dt which will be denoted by g. Thus ^7(i) 
and Y(f) are related by an expression of the form 

Y(t)^f(q)E{t) 

Now in solving such an equation for the steady 
state when E(t) is a sinusoidal force, the usual procedure 
is to substitute (jn) for q. Following the methods 
of Heaviside we may regard f{jn) as the generalized 
mutual admittance effective with its proper value-of n 
for every real frequency in the Fourier integral ex¬ 
pressing a transient applied: thus, as is shown by 
T. C. Fr 5 %* we write the applied force 

+ 00 r+co 

UAi7(A)6“j«^ . . (7) 

-00 00 

.. r+Qo r+oo 

and Y{t) — ~ I dnxf{jn)G^^^ I dAJ&(A)e”f«^ . (8) 

J _00 -' — 00 

Here tire response to the transient applied force is seen 
to depend on the mutual admittance expressed in 
complex form, that is, as a modulus with an angle. 
The relation of response to input, which ordinarily 
forms the frequency-distortion characteristic, is deter¬ 
mined as the modulus only of the mutual admittance 
without regard to angle. In the steady state this is 
justified, since it is experimentally well established that 
the alterations of wave-form resulting from alterations 
of phase do not appreciably affect the soun4 he^d. 
Under transient conditions, however, the infinite series 
of frequencies summed in the Fourier integral occur 
as single waves only, and the shape of the response may 
be very considerably altered by phase distortion. It 
cannot be claimed that there is definite experime»tal 
evidence that the change in the shape of a transient 
resulting from changes in phase of its component 
frequencies can be appreciated by the ear, but it i^ 
difficult to see how one transient is to be distinguished 
from another if this kind of distortion dbes not ^natter. 
It is not difficult to suppose that an harmonic analysis 
of sustained sounds is made by the ear, and that the 
phase elements are discarded. It is more difficult to 
see how the ear could carry out such an artificial process 
as the reconstruction and identification of a Fourier 
integral j&rom a received pulse that differed materially 
in character from the original forCfe. The problem of « 
reconstructing the original transient force fr«m its 

• See Bibliography (45). 
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distorted reproduction is obviously incapable even of 
bejng uniquely mathematically solved in the absence 
of'iiata regarding the law of distortion. 

As a commentaryf .011 the foregoing remarks we may 
note that the most difficult sounds to reproduce with 
sufficient accuracy to make them easily identified are 
p, b, t, d, k and g, the stop consonants which are truly 
transient in character. Other difficult consonants 
are f, v, th and s, but these owe their difficulty to the 
relatively high audio-frequency region involved in 
their formation. 

If the English consonant sounds are examined, it will 
be found that many of them, like the last group 
mentioned, are capable of being sustained and are 
therefore vowel-like in character. W in away is 
clearly a transitional sound, practically composed of 
a series- of vowels in such quick succession that the 
steady state can scarcely be established. It is probable 
that the vowel-like consonants are to be regarded in 
the same way as W, since they frequently seem to be 
merely a way of beginning a true vowel and are therefore 
transient in character. 

Amplitude Distortion. 

The response-frequency characteristic of any element 
of a system has already been defined from the point 
of view of frequency distortion. If the ratio of output 
to input is a function of the amplitude, the definition 
must be extended to a more generalized form. 

If there is no amplitude distortion the ratio of output 
to input, voltage or force, for any element defines the 
frequency distortion, thus 

V^^G{n)V^ .{9} 

where fif is the frequency distortion, a function of 
frequency only. 

If amplitude distortion is present, V 2 will vary 
non-linearly with at a given frequency, and the 
relation may be written 

F 2 = (7(n)i?(Fi) .... (10) 

Frequently ^^(Fx) may be expressed in the form 

.( 11 ) 

This kind of distortion is found in iron-core coils, 
on account of the non-linearity of the BE curve of 
the iron, and also in valve circuits on account of the 
curvature of the valve characteristic. In the same 
two cases hysteresis may be present, in which case the 
distortion will be represented approximately by 

^(Fi)-"/^F5[.(12) 

where /x is a complex operator.’*' 

In all these cases a single-frequency impressed force 
Fi produces a response in which the fundamental is 
not proportional to the force; and in which there are 
a large number of different frequency components 
having precisely the same effect as a variable superposed 
noise. 

It should be noted that there are four Idnds of ampli- 
See Bibliography (46 and 47), 


tilde distortion, according to whether the function H 
is single-valued or double-valued, and whether it is 
symmetrical or asymmetrical about the point at which 
the system is in equilibrium with no impressed forces. 

The Measurement of iNTELLiGiniLiTy. 

In telephone work it has been found necessary to 
have some means not only of testing apparatus for 
the speech articulation it is capable of transmitting, 
but also of specifying the result of such tests, in terms 
of some characteristic that will measure all possible 
kinds of distortion in apparatus of different nature. 

For many years it has been customary to recite lists 
of meaningless monosyllables over a telephone system 
to be examined, and to determine the proportion of 
syllables accurately recorded. For this purpose a large 
number of lists (over 150) of syllables have been compiled, 
each list being arranged to give equal weighting to 
the different elemental speech sounds. 

The technique of these tests has been developed to 
the point where definite and significant results can be 
'Obtained. These " articulation percentages depend, 
how^evei', upon the acuteness or alertness *bf hearing 
of the observer, and also upon the amount of practice 
obtained. Reference has already been made to Fig. 1, 
in which is exhibited the correlation between intelli¬ 
gibility and the articulation percentages obtained with 
a particular set of lists. 

Some idea of the importance of the various speech- 
frequency regions in giving faithful reproduction will 
be seen by examining the curves shown in Fig. 1 of 
Mr. Sandeman’s introductory paper to a recent dis¬ 
cussion on loud-speakers.* These curves show the 
effect upon articulation of transmitting, without dis¬ 
tortion, the frequencies from zero to n only, or from 
n upwards only for difiereni values of ii. 

Naturalness and Intelligibility. 

Intelligibility has been defined as the inherent ability 
of a reproducing system to convey the elements of 
speech that are important from the telephonic point 
of view for conveying ideas ; it is, as has been, shown, 
a function of articulation. By " naturalness we 
understand all the other properties of reproduction, 
Additional to those which have been found to have a 
measurable effect on the observed articulation. For 
example, the insertion of a small condenser in a telephone 
system may have very little effect on the articulation 
or intelligibility of a system, but may make a great 
difference to the character of the sounds heard. 

It seems probable that naturalness in speech is to 
be associated with the vibrations of the vocal chords, 
for Sir Richard Paget has shown f that the essential 
qualities of each vowel are inherent in two or more 
reinforced frequencies, and that vowels and unvoiced 
consonants of perfect intelligibility may be sounded 
without the assistance of the vocal chords, that is by 
whispering. 

If, then, naturalness of speech is, concerned in just 
these low audio frequencies vffiich do not greatly affect 

* Journal LE.E., 1924, vol. 62, p. 275. 
t See^i^ibliography (20). 
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the observed articulation, it may be expected that a 
good idea of the behaviour of a reproducing system 
for general purposes is gained by observing the capabihty 
of articulately reproducing speech, together with the 
degree of tone resemblance between the original speech 
and the reproduced speech, • 

Modulation and Demodulation. 

By modulation we understand the distortion of a 
carrier current in some arbitrary manner by speech- 
frequency currents, so that the modulated carrier 
contains the speech-frequency elements. The earner 
may be modulated in various ways, the essential re¬ 
quirement being only that the modulating current shall 
definitely change the carrier in some revereible manne^ 
and hot be merely superposed upon it. The distort^ 
or modulated carrier can then be demodulated by the 
receiving apparatus; demodulation a better wmd 
for telephony than detection-is the converse of modula¬ 
tion, and is the process of disentangling or recovering 
the original speech-frequency currents from the modu¬ 
lated carrier. . , 

Withouj: going into the details of the different mettiods 
used to procure modulation, let it be assumed that the 
modulated carrier of angular frequency c is represented 

B(l + A sinpt) sia a . . ■ ( 13 ) 

when a single speech frequency of angular frequency p 
is operating and B is the ampUtude of the unmodulated 
carrier. Then, when a number of different sperch 
frequencies are present, the form of the modulated 
carrier will be 

j> 

JB(1 -h sin pt) sin c« . . • (1^) 

0 

where the upper frequency-limit P may be taken as 
equivalent to 6 000 periods per second for speech, and 
some higher value for music. 

Let A be the maximum instantaneous value of 
modulating voltage; it is clear that this must be less 
tVign unity or overmodulation will take place, a phen^ 
menon associated, as will presently be shown, witt 
distortion in the demodulator. Thus, for all po^ble 
frequencies and for aU possible intensities to be trans¬ 
mitted, A must be less than unity. 

The process of demodulation depends upon the proper 
use of an asymmetrically distorting circuit, the partaculw 
form of distortion being approximatelx represented by 
saying that the amplitude of the demodulated signal 
varies in most cases as the square of the modulated 

^*^?dem^ulated voltage will therefore be proportional 
to 

JB2sin2cf(H-S^pSin2p{ m nm 

-1- iYtApA^ sin pt sin gt -|- ZSAp sin pt) . (16) 

With these assumptions, and since the maximum 
value of A must be less than unity, the average v^ue 
of .d will be considerably less than umty, in pi^taw 
certainly not more than about 0-6 for speech (the 
Isnsl picentage•modulation), and lower stiff for music. 
The t«ms of second degree in A then tend to ^sappear 
as the percentage modulation is lowered, and the signal 


becomes proportional to 2S^^^ct'^lApfinpt, tha.t i^ 
it is proportional to the original signal and to the square 

of the carrier. | 

We see Ihen that with^these (the ordinary) assump¬ 
tions there is distortion in the pfbeess of modulation 
and demodulation, viz. the two terms of second degree, 
and iliat the importance of lihese terms increases as 
the percentage modulation is raised; in fact, the 
maximum value of A should not be allowed to approach 
unity, since all such amplitudes will appear in toe 
demodulated current accompanied by large parasitic 
or unwanted components. 

Our next inquiry will be into the nature of the dis- 
tortion due to toe parasitic frequencies represented 
by the quadratic terms. 

Consider first a term in the demodulated current of 

the form . ^ ^ 

sin pt sin qt)sm^ct . . . (lo) 

The two frequencies p and q modulate each other, or 
in the language of speech-frequency currents they 
produce beats, or sum-and-difference tones; toe pre- 
ceding expression may be written 

ApA^ sin2 ct (cos (p — q)t— cos {p H- g)t} . (17) 

so that toe unwanted terms.in toe received signal 
consist of tones of frequency {p -I- g) and (p — g), one 
or both of which may be in toe frequency zone trans¬ 
mitted and may cause beats or interference with tones 
of the same or near frequency which are lephmately 
received as part of the desired signal. Similarly, the 
symmetrical terms of second degree are equivalent to a 

single double-frequency paraatic tone. 

The question will now naturally be raised as to whether, 
and under what conditions, it is possible to secure 
distortionless modulation and demodulation. It is 
readily seen that if linear modulation as in (141 is used, 
and demodulation is also linear, toe required result 
will be secured. Linear demodulation, however, reqimes 
toe demodulator to liave a linear charactenshc, and at 
the same time be a rectifier: that is, m 
a valve using plate-current demodulation toe plate- 
current/grid-voltage charactaistic would have to 1^ 
linear up to some point, and also Wond 
but with a different slope. It is well known that the 
effect of space charge and varying yol^e '•f® 

filament prevent the realization of this ideal demodula- 

^‘Tt has also been suggested * that distortionless reception 
can be secured when demodulation follows a square 
law if 

12 _ ig = zj; 

where I is toe ampUtude of the modulated c^e^ • 
Jo is toe ampUtude of toe unmodulated carsier, 

K is & constant, and • 

E is the signal to be sent. 


If S4«sinj)« is the signal toe law of modulation is 


I =: {KLAp sin pt +• • • (^®) 

If toe received agnal is proporti^al to it is received 
without distortion. 

* See BibUography (44). 
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♦ Such a law modulation gives, however, very much 
larger changes in the amplitude of the modulated carrier 
foi relatively small modulating voltage than for voltages 
sulicient to give complete modulation. The result is 
that when demodulation fails to approximate to the 
square law, and especially if it approaches a linear 
law, there is serious disl^rtion. It has been shown by 
Moullin and Turner that for strong signals the demodu¬ 
lation is likely to follow a linear law. 

Another point in connection with modulation of this 
kind is that the law is difficult to realize in practice. 
In general, modulation will not exactly follow a linear 
law, and demodulation will not exactly follow a square 
law: in either case amplitude distortion wiU be intro¬ 
duced, and it is therefore generally accepted that 
moderate linear modulation is best. 

In the sending aerial circuit, and in the recemng 
circuits,• the modulated carrier undergoes distortion in 
proportion to the sharpness of tuning. If the expression 
for modulated carrier is expanded in the form 

sin ct + {cos (c — p)t — cos (o + p)«} . (14a) 

it is seen to consist of terms which are sum-and-dijfference 
frequencies of carrier and audio frequencies, forming, 
as is well-known, the two side bands. As the response 
of the resonant tuned circuits is a function of frequency, 
the higher audio frequencies in the received signal 
will be reproduced in smaller proportion than the lower 
audio frequencies. In the absence of reaction and at 
the shorter wave-lengths this distortion is, however, 
not serious, even when there are three or four such 
tuned circuits involved in the transmission. 

A complete study of modulation and demodulation 
would take up too much space, especially if the different 
methods employed were discussed. The principles 
involvec^have therefore been given in their most general 
form, and further information to which the principles 
here given may be applied can be obtained hrom many 
excellent investigations that have been published—a 
few of these are given in the bibliography at the end 
of this paper. 

Part n. 

The foregoing discussion has described the broader 
principles concerned in the avoidance of distortion. 
Where possible these principles have been expressed in 
precise mathematical forms for the purposes of concise 
definition and in order that they may be used as the 
basis,of calculation and analytical study, as knowledge 
of the subject progresses. We shall now turn our 
attention in greater detail to some of the elements 
cqjpmonly used in radio-telephony. 

It is natural that the first element studied should 
be the t^nsmitter, and here at the beginning of the 
radio-telephone system is a problem of no mean pro¬ 
portions. The transmitter must fulfil the following 
conditions:— 

Its electrical voltage oul^ut at all frequencies jErom 
20 per second up to some undetermined high audio 
frequency—say about 10 000 per second—must be a 
f§itMul reproduction of the pressure in the air due to 
the sound to be transmitted. 


This condition, of course, implies absence of fre¬ 
quency distortion and amplitude distortion both 
symmetrical and asymmetrical. 

The carbon transmitter used in ordinary telephony 
depends for its efficiency upon the judicious use of a 
certain amount of Resonance, permitting unavoidably a 
definite and known amount of frequency distorfilon; it 
is, moreover, guilty of amplitude distortion, as any 
instrument must be which operates by the variation 
of resistance unless the resistance variation is very 
small. Asymmetrical distortion is also present, due to 
the non-linear variation of carbon resistance with 
pressure (unless it is specially compensated as in what 
is known as a ** push-pullarrangement). It is evident, 
in view of the enormous amount of study that has 
brought the carbon telephone transmitter to its present 
state of commercial efficiency and quality, that no 
high-quality transmitter can at present be made with 
anything like the same transmitting efficiency. This is, 
however, not serious. Thanks to the high degree of 
distortionless amplification obtainable by valves, the 
lower limit of permissible efficiency is only controlled' 
by the degree of electrical disturbance picked up by 
the transmitter leads, and the amount of noise inherent 
in the early stages of the amplifying system. 

Excellent transmitters can be made by securing very 
high natural frequencies with high damping in the 
mechanical system, and there is tlien not much diffi¬ 
culty in avoiding amplitude distortion. Alternatively, 
arc and flame transmitters have been made in which 
there is no mechanical system; both mass and stiffness 
are negligible, but amplitude distortion has to be con¬ 
sidered, The author has no information on this aspect 
of the case, but it does not seem likely to introduce 
any serious difficulties. 

It is hardly necessary to add that electrical and 
acoustical resonances, as much as mechanical 
resonances, must be avoided in connection with the 
transmitter as elsewhere. 

So far as is known, only five types of high-quality 
transmitter are in use at present. In the condenser 
transmitter a light and tightly stretched diaphragm, 
heavily damped, forms a small condenser which varies 
in capacity with the pressure of the air. If a steady 
voltage JS is applied through a resistance across wliich 
connection is made to the amplifier, the alternating 
voltage across the resistance will be proportional to the 
current flowing when the condenser capadLty varies.* 
For the minute iterations of capacity resulting from the 
var 3 dng pressure of sound incident on the diaphragm 
the amplitude distortion is quite negligible, and the 
combination of damping and high natural frequency 
(about 16 000 p.p.s.) gives an almost flat frequency 
characteristic. 

In the ''push-pull'* carbon transmitter a similar 
highly-damped stretched diaphragm operates on two 
carbon buttons, one on each side and so connected as to 
compensate mutually for the non-linear carbon distor¬ 
tion.* The variations of resistance are so small that the 
amplitude distortion arising from tlie reciprocal relation 
between carbon pressure and current is' quite negligible. 

In the electromagnetic transmitter a light coil with 
♦ See ^bliography (S5 and 48). 
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between the ^.values of abscissae wliich correspond 
to the limits of linearity. These conditions whl be 
ajforoximately fulfilled when the valve has suitable 
capacity for the work it has^to do if the grid voltage 
and plate voltage afe correctly chosen. A rough guide 
in choosing these relations is that the maximum alter¬ 
nating voltage applied ^to the grid should not exceed 
the amount of the grid bias (including any grid bias 
that may be due to a high-resistance leak in series 
with the biasing potential) ; the actual values should, 
however, be chosen after a study of the dynamic 
characteristic has been made, or at least after the 
dynamic characteristic has been calculated from the 
static characteristics and the circuit constants. The 
effect of using a valve over too large a range of its 
characteristic has been discussed theoretically and 
experimentally by J. G. Frayne,* where also it is 
shown liow negligibly small the distortion of wave-form 
becomes as the alternating voltage applied to the grid 
is reduced to a value commensurate with the steady 
grid-bias voltage. 
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£xG. 8.—Characteristics of good-quality amplifiers for 
speech-input equipments. 

{b) The forms of coupling in common use are impe¬ 
dance and condenser (the impedance being either a 
high -resistance or a large inductance) and transformer 
coupling. 

Resistance coupling naturally gives very good quality, 
and freedom from frequency distortion is easily secured, 
but it requires a plate battery of higher voltage, and a 
large part of the effective alternating E.M.h. in the 
plate* circuit is lost unless an extremely high-voltage 
plate battery is used. 

Inductance and capacity coupling has been very 
si^?:cessfully used. The points requiring attention are 
that the inductance must be large enough to offer an 
impedance high in comparison with the tube impedance 
at the lowest frequencies to be transmitted, and at the 
same time the winding must be so arranged that the 
self-capacity of the coil does not approach the resonance 
condition at a frequency within the range to be ampli¬ 
fied. The core must be sufficiently generously designed 
to prevent saturation ^ the plate current flowing in the 
v7indine:s. 


Transformer coupling has the greatest overall effi¬ 
ciency and presents the greatest difficulty in avoiding 
distortion. The advantage of transformer coupling is 
that the voltage can be stepped up between valves, 
thus reducing the number of valves required for a 
given amount of aml^lification. The difficulty lies in the 
fact that the primary of the transformer must meet the 
conditions specified for inductance coupling, while 
the secondary, in order to get a voltage transformation 
of four or five, must have an impedance 16 to 25 times 
as high as the primary. Under these conditions the 
capacity of the secondary winding is only to be pre¬ 
vented from having serious resonance effects by ex¬ 
tremely careful design. The hysteresis effect must also 
be kept low to avoid asymmetrical distortion. In spite 
of these difficulties, however, transformer coupling has 
been successfully employed in high-quality amplifiers, as 
has already been shown. 

Another distortion, somewhat more common than it 
should be in audio-frequency amplifiers, is due to tlic 
curvature of the J 3 H characteristic of iron, which 
causes a certain amount of amplitude distortion. So‘ 
long as a transformer is sufficiently generously^designed, 
it is possible to keep the variation of liux tleusity so 
low that the amplitude distortion is negligible on account 
of the small part of the BE curve concerned ; but 
many transformers are made for audio-freciucncy or 
loud-speaker amplifiers with very much smaller cores 
than have ever been used in ordinary telephony, 
although in the case of loud-speaker amplifiers the 
speech power applied to the transformer is much 
greater than that concerned in telephony. 

The use of small iron cores reacts also on the fre¬ 
quency distortion of the circuit, because high-impedance 
windings must be obtained to secure high efficiency at 
low frequencies. Now the requisite high impedance can 
be secured by increasing the number of turns or by 
enlarging the core, but a limit to the increase in the 
number of turns is in practice soon reached on account of 
the self-capacity of the coil; thus from the point of 
view of frequency distortion as well as amplitude dis¬ 
tortion a generously designed iron circuit is necessiiry. 

{c) It is necessary to study the combination of 
vacuum tube and coupling because thermionic tubes 
are not, and cannot be, perfectly unilateral in their 
beiiaviour. It comes about, therefore, that the input 
grid-filament impedance of a tube is a function of the 
impedance in the plate circuit. In order to investigate 
this relation rigorously, it would be necessary to think 
of a vacuum tube as a variable electrical system ; that 
is, the plate-filament impedance should be treated as a 
function of the instantaneous plate current, a class of 
problem which has been examined l)y H. W. Nichols 
and J. F. Carson.* For most practical purjKjses, how¬ 
ever, it is satisfactory to regard the plate-filament 
impedance as constant, and as containing a voltage 
equal to fx times the voltage impressed on the grid, 
according to the method described by II. W. Nichols.f 
The Various kinds of distortion that may be encountered 
when th^ grid voltages are small have been described 
by the present author elsewhere, J where it is shown 
that the input impedance^ of the tube is a function of 

See Bibliography (48L t Ibid.^ (26a}. t Ibid., (25). 
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the impedance in the plate circuit, and consequently 
distortion may result if the input impedance varies 
greatly with the frequency. It is also shown that dis¬ 
tortion of wave-form is indicated by a change in the 
reading of an ammeter in the plate circuit of a valve, 
and that this kind of distortion is* to be avoided by 
maldng*the external plate-circuit impedance high. 

Reference mpst also be made, on account of its 
probable effect upon transients, to the phase distortion 
arising from reactive impedance in the plate circuit. It 
has been shown by Van der Bijl * that with inductance 
in the plate circuit the dynamic characteristic is an 
approximate ellipse having an area proportional to the 
alternating energy contained in the inductance (see also 
J. G. Frayne)t; it follows that if the inductance is 
sufficiently large the alternating current fiowing in it 
can be made so small that the energy \Li^ is smaU 
and the phase distortion is negligible. 

Fig. 9 shows oscillograms taken with a Western 
Electric cathode-ray oscillograph, illustrating the 
eUiptical form of the dynamical characteristic when the 
plate circuit is inductive. In Fig. 9 (a) the load was an 
inductancQ of 0*4 henry and in Fig. 9 {&) an inductance 


circuit impedance for large values of ^he inductance 
depends on the condenser coupling and grid leak of -^e 
succeeding valve which form a circuit in parallel 
the inductance. • ^ 

Reaction. 

Reaction is seen in its simplest form when it is 
applied to a radio-frequency amplifier; the output 
circuit is coupled back to the input circuit in any con¬ 
venient manner so that the output produces an aug¬ 
mented input. In order to represent the arrangement 
in its simplest form we may ignore the inter-electrode 
capacities of the valve, and assume that we have a 
unilateral machine in which the output voltage is n 
tiiTiM the input voltage. We will suppose that a constant 
alternating voltage is applied to a series resonant 
circuit (the aerial), and that the voltage across the 
inductance is applied to the idealized voltage ampliner, 





^9 

Fig. 9 («). FiC- 9 (&)• 

Fig. 9,_^Oscillograms taken with a cathode-ray oscillograph. 

la Fig. 9 (a) the load was an inductance of 0*4 henry, 
la Fig. 9 (&) the load was an iaductaace of O'o henry. 

of 0*8 henry. The slope of the major axis of the 
ellipse is the average effective mutual admittance of 
the grid circuit to the plate circuit; and the ellipse 
itself, since the ratio of its axes depends upon fre¬ 
quency, indicates that the phase of the plate-circ^it 
current will be a function of the frequency. 

There is, however, an upper limit to the value of 
the inductance in the plate circuit, b&ause the input 
impedance of the tube has an increasingly laxge negative 
resistance component for increasing plate-circuit induc¬ 
tances, and this tends towards oscillation; a.nd even 
although actual oscillation does not occur, this condi¬ 
tion must not be approached or excessive amplification 
of frequencies in the neighbourhood of the natural 
frequency of the system wiU result. 

Fortunately, it is generally possible to find between 
the limits described a suitable value of inductance that 
will operate successfully over a wide range of •fre¬ 
quencies, especially when inductance-condenser Coupling 
is used, as the retard does not form the useful load 
but is only the high-tension Jeed: the effective plate- 

• See Bibliography (23). * t 



the output from which reacts on the aerial inductance 
(see Fig. 10). 

The equations for this s)^tem at a frequency p, 
is the aerial impedance without reaction, are 

-\-x 2 jMp ^ (19) 

‘ — liL) -i- + ^2) = 

from which we derive the effective aerial impedance 

M pHfiL — M) ^ ^ (20) 

R + ^2 

Since M is related to and L, it is convement to 
substitute for 22 and k'\/{LL^ for M. « n 
get the foUowing terms for the aerial impedance after 
rationalizing:— 

Without reaction Zf^ = Ra 4* jp^a 
Real component due to reaction 

p^hLR(^Lii!j{jp*'\/^ (21) 
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fmaginary con^onent due to reaction 

^ 3P^kLL^(VL^{fMVL - kVL.2) ^ , 22 ) 

From these expressions it is seen that os h or is 
increased the real com^nent of aerial impedance due 
to reaction becomes at first increasingly negative, so 
that the effective aerial resistance is reduced and may 
reach the oscillation point; for still further increase in 
k or L -2 the real reaction component becomes positive 
and the reaction circuit forms a load on the aerial. 

As L 2 changes, the reactive reaction component 
changes, at first increasing the effective aerial inductance 
and afterwards decreasing it. 

In tlie practical application of reaction the effective 
aerial rfiisistance is decreased, with consequent reduction 
of the aerial damping coefiScient; at the same time the 
effective inductance is increased, so that if the aerial is 
tuned by condenser variation the damping is further 
decreased by the increase of inductance, but if the 
aerial is tuned by variometer the increased inductance 
due to reaction is neutralized in the tuning. 

A moderate degree of reaction is legitimately and 
properly used to increase the sharpness of tuning when 
receiving faint or long-distance telephony; by sharper 
tuning the selectivity of the receiving set and the ratio 
of tuned signal to interfering noise, and signals on 
slightly different wave-lengths, is increased. If, how¬ 
ever, the reaction is taken too far the curve of aerial 
current against frequency for constant applied voltage 
becomes sharply peaked, and the range of frequencies 
corresponding to the signal no longer lies on a sensibly 
flat part of the resonance curve, so that there is fre¬ 
quency distortion; this is exactly similar to the result 
obtainedi^when sharply tuned radio-telegraph receivers 
are used for the reception of telephony on long wave¬ 
lengths. The general principles of oscillatory circuits 
examined in the first part of this paper also show that 
abrupt variations in the applied voltage will not be 
faithfully followed by ihe aerial current if the damping 
is made very low, but instead the aerial will set up a 
damped train of oscillations at its natural frequency at 
each ^transient change, and these when rectified appear 
as noise. 

It is hardly necessary to comment on the excessive 
and incompetent use of reaction that is so common 
and causes so much interference; the resulting dis- 
torfcin of both kinds referred to above becomes very 
marked indeed and, in addition, the tuning is generally 
not exact as is shown by the heterodyne note, so that 
tfi^ upper and lower side bands are not symmetrically 
reproduced, with results that have been studied and 
described#by R, V. L, Hartley.* 

When reaction is applied to a single-valve demodu¬ 
lator, the results are substantially the same as in the 
case of the radio-firequency amplifier already described. 
The output from the valve consists of an audio-fre¬ 
quency component and a radio-frequency component; 
these are separated and the latter is fed to the reaction 
Qpil, In respect of th5^radio-frequency currents in the 

* See Bibliography ^8). • 


secondary circuit the valve operates in the same way 
as the amplifier previously described. 

It is not possible to discuss here the many kinds of 
receiving circuit that are in use witli and without 
reaction, but the application of the general principles 
given in this paper Vill generally be sufficient to reveal 
the conditions required for obtaining good qutoy in 
any circuit. There is, however, one type of circuit 
that uses a distinctive feature, on which a few words 
must be said. The type referred to is that originated 
by Armstrong, in which high reaction is used together 
with a quenching device that prevents continuous 
oscillation. Such a circuit is a valuable one for long¬ 
distance commercial communication, but cannot under 
any circumstances be considered as a high-quality 
receiving S 3 rstem, because the high reaction introduces 
the frequency distortion already described, and the 
periodic quenching of free oscillations introduces slight 
noise due to the audible components of the damped 
trains of waves. 

Attempts are occasionally made to apply the principle 
of reaction to audio-frequency amplifiers. It may be 
said at once that no important developments^are to be 
looked for along these lines. 

It is shown in an Appendix that only a higlxly 
idealized resistance-coupled amplifier can have a truly 
flat frequency-distortion characteristic; in general, the 
characteristic of a speech amplifier falls away markedly 
at very low and very high audio frequencies, these 
frequencies in a good amplifier being outside the range 
to be transmitted. If reaction is applied, the departure 
of the characteristic from the ideal flat curve will 
become more marked, in just the same way as the 
tuning curve of an aerial becomes more peaked by 
the application of radio-frequency reaction. If, on the 
other hand, we suppose reaction applied to an ideal 
resistance-coupled amplifier, we have an amplifier 
inherently of rather low efficiency, and reaction will 
raise the efficiency. In practice, however, tlie capacity 
of the valve electrodes and the capacity and inductance 
of the apparatus prevent the realization of a flat 
characteristic, with the result that deterioration of the 
characteristic sets in directly reaction is applied to any 
useful extent; meanwhile the same improvement in 
efficiency can be secured with less harmful effect on 
thg characteristic by the substitution of transformer 
coupling or inductance and condenser coupling. The 
practical applicj.tion of reaction to audio-frequency 
amplifiers is beset with many other complications 
arising from the curvature of the grid-voltage/plate- 
current characteristic, which makes the amplifier 
unstable so that ^ strong signal may send it into an 
unresponsive condition. 

Dual Amplification or Reflex Circuits. 

Like reaction, a method of increasing the output of a 
single valve that is now coming into prominence is the 
use of dual amplification, that is the use of a single 
valvS first for radio-frequency amplification and then 
for audiR-frequency amplification. It is, in general, 
not satisfactory from the point of vie’v^ of high quality 
to use a single valve for two different functions, because 
the circuit conditions that suit one condition of use 
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are generally incorrect for another condition. In dual 
amplification the vacuum tube operates as an amplifier 
in both its functions, but the radio and audio fre- 
cjuencies have to be separated by condensers, which 
cause appreciable distortion in the audio-frec[uency 
circuit. 

Receivers. 

Of the various types of apparatus that have been 
used for the final conversion of electric current to 
speech we shall confine our attention to electromagnetic 
devices, since these are by far the most commonly used. 

Where crystal sets or amplifiers of low power haying 
good characteristics are used with head receivers,^ it is 
commonly agreed that excellent quality can be obtained; 
the naturalness also is probably good, but the conditions 
of listening are such as to make the judgment of 
naturalness difficult. There are, however, differences 
observable in the naturalness of different head receivers, 
caused by difierences in the natural frequency of the 
mechanism and, more particularly, differences in ihe 
degree of damping. Owing to the necessity of using 
mechanical resonance in order to secure an instrument 
of reasonable effi.ciency, receivers are less than critically 
damped; a good receiver, for example, may have a 
response to a suddenly-appUed steady voltage similar to 
the curves =• 500 in Figs. 2 and 3, and the distortion 
inherent in resonant systems occurs. 

In order to obtain a satisfactory compromise between 
efficiency and faithfulness, it has been necessary to 
malce a careful study of the desirable vibration con¬ 
stants of a receiver, taking into consideration the 
increased damping of the receiver when it is held to 
the eax. The general theory by wMch the vibrabon 
constants are studied has been described by the author 
elsewhere * For many years the design of r^eivers 
was based on experimental work with trial and 
The data accumulated by this method, together with 
Dr Kennelly’s methods of impedance anal 3 rsis and 
modern research,t have placed receiver design on a 
sound scientific basis, to which strong t^bmony is 
borne by the fact that the first receiver designed by 
the new methods had an acoustic power output about 
times greater than previous receivers for ihe same 
power input, although it was actu^y smaller and 
lighter. These improvements in design acc<mpam^ 
the study of telephone-speech quality, wth tte r^ult 
that both frequency distortion and ampljtude distortion 
were reduced. 

Loud-speaking Receivers. 

Of aU the transformations to whiqh the speech or 
music is submitted in its passage from ^e source to 
the listener,, the final transformation mto acou^c 
waves by a loud-speaking receiver is the least sate- 
factory. No loud-speaker has yet been made t^ 
sounds perfectly natural, although by 
and exbeme care in manufacture it is possible to s^me 
results that are highly satisfactory, and m fgnt ^e 
intelUgibiUty may be made 

intelUgibiUty of a head receiver; is m speech 
naturSness and musical faithfulness that the prmapal 
• See Bibliography (S8). t IWi,(40, 43 and 48). 


improvements are to be looked for. Pi^sent achieve^ 
ments owe their success to the rather generous tolerance 
of the human ear* and cannot be said to mark t’te 
final development of loud-speaking apparatus. * 

There are very many types of loufi-speaking receivers 
on the market, and the diversities in their faithfulness 
of reproduction a^e about as numerous as their types. 
Some account of the difficulties of securing faithfulness 
and of the inherent disadvantages of certain types has 
been given by the author and others at a recent joint 
meeting of the Institution and the London Physical 
Society, t 

It is not always realized that the receiver mechanism 
will not handle more than a certain amount of power 
without serious amplitude distortion; in this respect 
the receiver should handle as much electrical speech 
power without distortion as the valve which jjrecedes 
it. Both valve and receiver must, however, be capable 
of dealing with the maximum peak voltages occurring, 
whether due to a peaky wave-form or to the varying 
intensity occurring pre-eminently in music. Measure¬ 
ments with the cathode-ray oscillograph have shown 
that the momentary ratio in a short time-interval of 
peak voltage to R.M.S. voltage for fairly rapid speech 
collected by a high-qualitj’' transmitter is about 6 or 7. 

A somewhat similar average figure was found for 
gramophone music, but the music varied in intensity 
up to a ma.vi mum of over 6 times the average intensitj^ 
for the whole record. These figures are. of course, 
subject to variation and amendment, but they indicate 
that a given valve and loud-speaking receiver will only 
reproduce music without bad distortion on loud notes 
at an average intensity considerably lower than that at 
which they can reproduce speech satisfactorily. It is 
also apparent that in estimating the pemussible varia¬ 
tion of grid potential from any data obtained by mea¬ 
surement of the R.M.S. value of speech currents, an 
amplitude factor must be used to pro\dde for the higli 

peakiness of the wave-form. 

As a very rough approximation, it may be state 
that a good loud-speaking receiver may require from 
0‘0003 to 0-0005 apparent watt in order to give ou 
speech at a convenient volume level m a 
ie Uving room; the apparent watts are 
measured by the product of “t 

effective resistance (at 800 periods 
receiver. Allowing that the peate of the \ ^ 

axe 7 times the R.M.S. value, it is 
that a valve of moderate power is required to gi% e a 
^ pS^^ce with speech, whUe a further matgm 
is reqSred to take care of the wide vanabon of m.ensitj 

to the receiver itself, the 

the recover is very unlikely to respond well to the 
the receiwr is ve y account of the 

steep peaks f . this is. of course, the 

mductance of ^ nifss’in a mechanical system, 

of the movn^ p effective inductance under 

• ♦ See Bibliography (5 and 6). t See page - 



rbo the leakagj- flux and magnetization inductance of a 
transfonner; a 100 per cent efficient receiver need have 
effective inductance. 

The limited amount of ROwer that some receivers 
axe capable of handfmg is the cause of a certain amount 
of dissatisfaction, even though the reproduction “C 
faithful within the povier limits of the receiver. The 
variation of intensity of music between the extreme of 
pianissimo and the extreme of forte with a full orchestta 
has been estimated to be an energy ratio of 1: 10^. 

It is, therefore, easy to see that if a receiver is incapable 
of producing as much acoustical energy without dis¬ 
tortion as the maximum music intensity to be trans¬ 
mitted, the performance must be heard at a sub¬ 
normal volume level; under such conditions the 
* pianissimo passages, only just audible in the original 
music, may be lost altogether in the reproduction, and 
the eax distortion caused by reproduction at the wrong 
loudness level will be present. Receivers can be made 
that wiU handle the requisite amount of energy to give 
normal volume reproduction of loud music, but the 
smaller and simpler types of instrument must not be 

expected to do it. , j • j 

It may be assumed that a receiver can be designed 
to give a reqtiired output without amplitude distortion, 
and that it is used in conjunction with an amplifier of 
adequate capacity as judged by its freedom fiom 
amplitude distortion in handling tiie peaJrs of me 
alternating wave-form applied to the last grid. We then 
come face to face with the problem of frequency dis¬ 
tortion, which in loud-speaking receivers is the most 
serious problem of high-quality i^o-telephony. Witt 
ordinary care, and by comparatively easy means, the 
distortion of all the other apparatus used in radw^ 
telephony can be brought down to reasonably small 
dimensions; in the loud-speaking receiver such ^ 
equally* near approach to pefection is still possible, 
but nob as yet at a commeraal cost. As the author 
has pointed out elsewhere (loc. dt.) electroma^etic 
receivers can only be made of sufficiently high efficiency 
to onaMg them to be used with moderately-powered 
valves by employing mechanical resonance; it is by 
the sparing use of resonance, entailing perhaps the 
sacrifice of a certain amount of volume efficiency, that 
high quality has at present to be secured. It is l^iCTe- 
fore a corollary that the greater the amount of dis¬ 
tortionless speech power that the loud-speaker amplifier 
can deliver, the less resonance need be used in the 
receiver and the better its quality can be. It is a 
furtW corollary that the receiver should be designed 
in conjunction with the amplifier in order that the 
combination may give the best results. 

''Some recent studies on four types of loud-speakmg 
receiver brought into view some interesting facts bear¬ 
ing on iSie relation between speech quality and natural- 
n ss. It was found that the four reivers were apjproxi- 
mately equal in speech quality, although they difiered 
widely in naturalness, the same voice being produced 
with fair naturalness by two of the types, and with an 
unearthly hollownesa and drumminess by the other two 
types. Investigation^showed that the drummy eff^t 
'was caused by the fact that the receivers in question 
Itod natoal frequencies at about 660 pradods per second. 


Noise and Interference. 

A consideration of quality would Jipt be ^mplete 
without some reference to noise and interference, 
although these factors fall somewhat outside considera- 
tions of distortion. 

It has been ascertained, so far as speech goes, that 
the intelligibiUty of reception depends upon the ratio ot 
noise intensity to speech intensity. The noise to be 
considered consists of atmospherics, interference from 
wireless stations or power circuits, valve and amplifier 
noises (sometimes caused by vibration) and a^ of the 
frequencies manufactured by amplitude distortion in the 

wireless apparatus. - 

At the present time very little can be done to reduce 
noise (other than distortion noise) in circumstances 
where it is serious. High selectivity of the receiving 
apparatus naturally tends to reduce the noise received 
when it is spread over a spectrum of waye-lengtiis, 
the use of a coil aerial may by its directional effect 
also enable the ratio of signal to noise to he raised. 
Other devices have been described from time to time, 
the object being often to eliminate one particular 
wireless signal on a wave-length near to that being 
received; such devices may consist of an auxihary 
tuned aerial or various special circuit arrangeinents. 
Naturally these devices do not eliminate the extra 
frequencies due to amplitude distortion. 

Conclusion. 

In conclusion the author desires to express his 
indebtedness to his colleague, Mr. W. L. McPhCTSon, 
for reading the manuscript and for much valuable 
8)dviC0. 

Acknowledgments are also due to the W^tern 
Electric Company. Ltd., for permitting the results of 
work carried out in their laboratories to be published. 


* appendix 1. 

The Response-Frequency Characteristic as a 
Criterion of Quality in Respect of Transient 
Impressed Forces. 

Of the two fqjidamental types of distortion under 
steady-state conditions, the frequency distortion is, in 
general, the more important and more difficult to avoid. 

The quality of reproduction of an amplifier (or other 
piece of apparatus) is commonly examined by plotting 
the output (voltage or current) for constant input 
against frequency; such a curve is called the frequency- 
disfbrtion, or response-frequency characteristic. The 
ordinatls of this curve can be regarded as mutual 
admittances, or a similar quantity 'according to the 
de^tion of input and output adopted for the purpose 
of obtaining the ^aracteristic. The phase of the 
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ordinates is not usually detemuned, so that it is the 
modulus of the admittance that is plotted. 

In the light of the evidence that the ear will disreg^d 
phase differences in the steady state, and l^e suggestion 
that it cannot form an image of the original transient 
disturbance from a phase-distorted ^reproduction of it, 
the question arises whether the frequency-distortion 
characteristic sl^ould also show the phase distortion, in 
order to give a complete representation of the effect of 
the system on quality. 

From the analytic point of view, we must coniine 
our attention to " ironless mathematics,*^ and suppose 
that our mutual factor relating input and output is 
formed by addition, multiplication and division of a 
number of simple factors of the form a + pdidt For 
the steady state the mutual factor will then take the 
form P -h jQ, where P and Q are rational real fractional 
functions of the frequency p. The modulus will ^ a 
polynomial fraction in integral powers of p wi a 

finite number of terms. //o 2 r n2\ 

The question is whether the modulus, i.e. y (P + V )» 
which forms the ordinary frequency-distortion charac¬ 
teristic, determines uniquely the phase distortion, or 
whether there can be a number of different functions 
of frequency having tlie same plot of modulus agains 
frequency but different plots of phase angle against 
frequency, that is, different values of Q/P. 

We may suppose that the full expression of the 

mutual factor is {F^+jF^W. 

rational polynomials in powers of p. The modulus is 
^ p|)/P, but is only known as 

The problem is therefore to determine whether 
M = (A + Bp^ -h + • • • expressed as 

the sum of the squares of two rational pol 3 momials 
in more ways than one. 

Let J?"! = oo + a-^ + »4P* • • • \ , (i) 

JPg = l>i 1> + tsP® + • • • 


Then on squaring Fi and Fz. adding them toge^er 
and equating to M. an identity is obtained which 
furnishes (« + 1) equations to determine the {» + 1) 
coefficients oq . . . <x«. bi • • • Hence and Jz 
can be uniquely determined and the phase angle is 


of the quality of apparatus from iff steady-state? 

characteristics. .. 

It would lead too far to investigate the relation 
between frequency distoition and phase distorUbn 
taVing into consideration the hystelesis effects of iron- 
cored apparatus; under such conditions the ordinary 
expansion theorem for the calculation of transients no 
longer applies, nor in general is the mutual factor 
expressible in integral powers of p. 

APPENDIX 2. 

No invariable amplifier or reproducing mechamsm 
having dissipation can have a frequency diaracteristic 
that is perfectly flat in any finite part without being 
flat from zero to infinite frequency, that is, without 
having a perfectly constant ratio of reproduction for aU 

frequencies. , 

The square of the modulus of the steady-state mutual 
factor for a physical system having a finite number of 
degrees of freedom and built up of singl^valued im¬ 
pedance operators is a rational fraction, finite for all real 
values of the variable. Therefore, if the variable p be 
given a generalized complex sigmficance, the square of 
the modulus of the mutual factor regarded ^ a func¬ 
tion of the complex variable is a holomorphic function 
in a region as narrow as we please but containing and 
extending along the real axis. It is a property of sue 
functions that they cannot be constant over a fimte 
interval without being constant everywhere 
holomorphic region. It follows that under the conffitions 
assumed for analytical purposes the enunciation above is 

Hence, for example, an idealized resistance-coupled 
amplifier will liave a constant ratio of rejffoduction for 

all frequencies, but a transformer-coupled «mplifier 

being necessarily inefficient at very low fr^encies 
cannot have a diaracteristic that is truly flat in any 
part, although in practice the charactensfre may 
experimentally indistinguishable from a straight hn 
over a wide range of frequencies. 


arc tan = F^IFi 


( 2 ) 


It is seen, therefore, that the plot of the modulus of 
the mutual factor of any physical system defines alM 
the phase angle of the mutual faqtor, provided the 
modulus is expressible as a fraction in integral powers 
of 'P 

Since the modulus of the mutual factor defines the 
distortion implicitly, it is evident that transient 
phenomena need not be studied separately but can be 
regarded as induded in all investigations appli^ to 
steady-state distortion; it must be appreciated, how¬ 
ever that the transient distortion is only mCluded m 
the sense that 'a good steady-state response charac¬ 
teristic indicates good transient response in a general 
way, and this is the justification for forming an opuuon 


BIBLIOGRAPHY. 

Nature of Speech, Music and Hearing. 

(1) M. G. Lloyd and P. G. Agnew: Effect of 
Phase of Harmonics on Acoustic 
Bulletin of the Bureau of Standards, 1909-10, 

vol. 6, p. 256. A J.,. 

(2) R. L. Wegel and C. E. Lane ; “ The Auditory 
^ Masking of One Pure Tone by Anotlier and 

its Relation to Dynamics of the Inner Ea», 
Physical Review, 1924, vol. 23, p. 266. * 

V. Cheval ; “ Pourquoi y a-t-il un^ hmite 

1’ Audibility des Sons ? ”, Bullehn de la Soctiid 


( 3 ) 


66 . 


( 4 ) 


Beige des Blectriciens, 1921, vol. 36, p. 

I B. Crandall and D. Mackenzie : Analysis 
of the Energy Distribution in Speech, 
Physical Review, 1922, vol. 19, p. 221. 

(61 D. Mackenzie : " The Sensitivity of the Ear at 

Different Levels of LouJness,” 

1922, vol. 20, p. 331. 



806 


POCOCK: FAITHFUL REPRODUCTION IN RADIO-TELEPHONY. 


(6) V, O. JjfNUDSEN : The Sensibility of the Ear to 
Small Differences of Intensity and Frequency/' 
Physical Review, 1923, vol. 21, p. 84:. 

^ (7) J. B. Flowers : “ T^e True Nature of Speech," 
Transactio%is of the American Institute of 
Electrical Engineers, 1916, vol. 36, p. 213. 

(8) G. 'Gianfrances$hi : Acoustic Records of Con¬ 

sonants," Nuovo Cimento, 1918, vol. 16, p. 161. 

(9) H. Fletcher : " The Nature of Speech and its 

Interpretation," Journal of the Franklin Insti¬ 
tute, 1922, vol. 193, p. 729. 

(10) H. Fletcher and R, L. Wegel : "The Fre¬ 

quency-sensitivity of Normal Ears," Physical 
Review, 1922, vol. 19, p. 663. 

(11) R. L. Wegel: "Physical Examination of 

Hearing," Proceedings of the National Academy 
of Science, 1922, vol. 8, p. 166. 

(12) Quality of Speech Transmission," Bureau of 
Standards, Circular No. 112, p. 163. 

(13) F, W. Kranz : "Sensitivity of the Ear as a 

Function of Pitch," Physical Review, 1923, 
vol. 21, p. 480 (Abs. 22). 

(14) E. W. Scripture : " Nature of Vowel Sounds," 

Nature, 1920-21, vol. 106, pp. 632 and 664. 

(16) C. Stumpp : " Uber die Tonlage der Konsonanten 
imd die fur das Sprachverst§,ndnis entschei- 
dende Gegend des Tonreiches," Siizungs- 
herichte der Preussischen Akademie der Wissen- 
schafien zu Berlin, 1921, vol. 39, p. 636. 

(16) H. Fletcher : " Physical Criterion Deter¬ 

mining Pitch," Physical Review, 1924, vol. 23, 
p. 427. 

(17) G. W. Stewart : " Importance of Preceding 

Consonant in Recognizing a Vowel," Physical 
Review, 1923, vol. 21, p. 718 (Abs. 69). 

(18) !l^. Waetzmann : " Methode zur objektiven 

^ Pnifung der Giite der Sprachubertragung in 

der Telephonic," Physikalische Zeitschrift, 1914, 
vol, 16, p. 638. 

(19) J. P. Minton : " Tinnitus, Deafness, and Mask¬ 

ing Effect of Pure Tones," Physical Review, 
1923, vol. 22, p. 506. 

(20) R. A. S. Paget : " Nature of Vowel Sounds," 

Nature, 1922, vol. 109, p. 341. 

(21) E. Waetzmann : " Verzerrung von Schwing- 

ungen infolge uns^nnmetrische Verhaltnisse," 
Zeitschrift fur Physik, 1920, vol. 1, p. 271. 

(21^i) H. Fletcher : " Physical Measurements of 

Audition and their Bearing on the Theory of 
Hearing," Bell System Technical Journal, 
October 1923. 

(216) D. C. Miller : " The Science of Musical 
^ Sounds." 

(21cj^ R. L. Jones : " The Nature of Language." 
^Paper read before the Milwaukee, Cleveland 
and Washington Sections of the American 
Institute of Electrical Engineers, January a nd 
February 1923). 

Vacuum Tubes and Amplifiers. 

(22) C. L. Fortesctjp; "The Design of Multi-stage 
’ ^Amplifiers using Three-electrode Thermionic 

Valves," Journal 1920, vol. 68, p, 66, 


(23) Van Der Bijl: "The Thennionic Vacuum 

Tube and its Application." 

(24) J. M. Miller: "Dependence of the Input 

Impedance of a Three-electrode Vacuum Tube 
upon the Load in the Plate Circuit," Bureau of 
Standards, Scientific Paper, No. 361. . 

(26) L. C. PococK: " Distortion in Thermionic 

Tube Circuits," Electrician,. 1921, vol. 86, 
p. 246. 

(26) S. Ballantine : " On the Input Impedance of 
the (Radio Frequency) Thermionic Amplifier," 
Physical Review, 1920, vol. 15, p. 409. 

{26a) H. W. Nichols : " The Audion as a Circuit 
Element,” Physical Review, 1919, vol. 13, p. 404. 

Modulation and Demodulation. 

(21) E. B. Moullin and L. B. Turner: "The 
Thermionic Triode as a Rectifier," Journal 
I.E.E., 1922, vol. 60, p. 706. 

(28) R. V. L. Hartley : " Relation of Carrier and 

Side Bands in Radio Transmission," Proz 
ceedings of the Institute of Radio Engineers, 
1923, vol. 11, p. 34. 

(29) W. A. MacDonald : " Radio Telephone Circuits 

and Modulation," Radio Review, 1921, vol. 2, 
p. 409. 

(30) G. Roos: " Reaction of Rectifying Device on 

Transformers," Jahrhuch der Drahtlosen Tele- 
graphie, 1922, vol. 19, p. 276. 

(31) J. R. Carson : " The Theory of Modulation," 

Proceedings of the Institute of Radio Engineers, 
1922, vol. 10, p. 67. 

(31a) E. H. Colpitts and O. B. Blackwell: " Car¬ 
rier-current Telephony and Telegraphy," 
Transactions of the American Institute of 
Electrical Engineers, 1921, vol. 40, p. 205. 

(316) A. K. Phillippi : " Crystal Rectifiers," Electric 
Journal, 1922, vol. 19, p. 469. 

Oscillation and Reaction. 

(32) J. G. Frayne : " The Unilateral Characteristics 

of Three-electrode Vacuum Tubes," Physical 
Review, 1922, vol. 19, p. 629. 

(33) R. D. Duncan, Jnr.: " Stability Conditions in 

Vacuum-tube Circuits," Physical Review, 1921, 

• vol. 17, p. 302. 

Transmitters, R^eivers and Loud-speakers, 

(34) P. Thomas : "A Diaphragmless Microphone for 

Broadcasting." (Paper read at the Eleventh 
Mid-winter Convention of the American 
Institutep* of Electrical Engineers, Feb. 16, 
1923). 

(36) E. C. Wente : " Condenser Transmitter," 

Physical Review, 1917, vol. 10, p. 39; I. B. 
Crandall : " Condenser Transmitter," ibid., 
1918, vol. 11. p. 449. 

(36) A. Nyman : " Electrical Loud-speakers," Journal 

^of the American Institute of Electrical Engi¬ 
neers, 1923, vol. 42, p. 921, 

(37) W. Hahnemann and H. Hecht: " Schallgeber 

und SchallempfShiger," Physikalische Zeit¬ 
schrift,* 1616^^ vol. 20, pp. 104 and 245. 



POCOCK: FAITHFUL REPRODUCTION IN RADIO-TELEPHONY: DISCUSSION. 807 


(38) L. C. PococK: " Theory of the Telephone 

Receiver,” Electriciun, 1922, vol. 89, p. /08. 

(39) R. L. Wegel : " Theory of Magneto-meclmnical 

Systems,” Journal of the American Institute of 
Electrical Engineers, 1921, vol. 40, p. 791.^ 

(40) A. E. Kennelly and G. Pierce : ” The 
’ Impedance of Telephone Receivers as aflected 

by the JMotion of their Diaphragms,” Electrical 
World. 1912, vol. 60, p. 660. 

(41) J. F. J. Bethenod : “ Distortion-free Telephone 

Receivers,” Proceedings of the Institute of 
Radio Engineers, 1923, vol. 11, p. 163. 

(42) A. E. Kennelly and H. O. Taylor : '' Explora¬ 

tions over tire Vibrating Surfaces of Telephone 
Diapliragms under Sunple Impressed Forc^,” 
Proceedings of the American Philosophical 
Society, 1915, vol. 64, p. 96. 

(43) A. E. Kennelly and H. O. Taylor : “ Some 

Properties of Vibrating Telephone , Dia¬ 
phragms,” Proceedings of the American Philo¬ 
sophical Society, 1916, vol. 66, p. 416. 

’(43a) H. Carsten : " Bemerkungen zur experi- 

Untersuchung an Telephonen, 
Physihalische Zeitschrift, 1921, vol. 22, p. 601. 


(436) W. Meissner : " Uber Hochfrequgnztelephone, 
Zeitschrift fur Physik, 1920, vol. 3, p. HI- 
(43c) " Radio,” Zeitschrift fUr das gesamte Radioweseih, 
1924, vol. 3, p. 12JI. ^ 

Miscellaneous. . 

(44) J. H. Morecroft : * Principles of Radio 

Communication." 

(46) T. C. Fry : " The Solution of Circuit Problems, 
Physical Review, 1919, vol. 14, p. 116. 

(46) R. Holm ; " 0ber Eisenverluste besonders iiber 

Wirbelstromverluste in fttr Telephonzwecke 
gebrauchter tJbertragem und Spulen,” Archiv 
fvtr EUktrotechnih, 1918-19, vol. 7, p. 136. 

(47) A. Press : ” Treatment of Harmonics in Alter¬ 

nating-current Theory by means of a Harmonic 
Algebra.” 

(48) J. R. Carson : “ Theory and Calculation of 

Variable Electrical Systems,” Physical Review, 
1921, vol. 17, p. 116. 

(48a) H. W. Nichols ; “ Theory of Variable Dynami¬ 
cal Electrical Systems,” Physical Review. 
1917, vol. 10, p. 171. 


Discussion before the Wireless Section, 7 May, 1924. 


Sir Richard Paget: So far as the observations which 
I have made by ear are concerned, they agree with 
everytliing tliat the author says as to the nature of 
speech sounds. As to whether aperiodic sounds axe 
really involved; all the sounds, including all the transi¬ 
tions of the transient sounds, appear to be essentially 
musical. The only possible exceptions me the sounds 
of “ f ” (the unvoiced sound) and “ th.” There is, to 
the ear, a component—not the main component— 
which is what may be described as a faint roar. It is 
an unstable sound which may be truly apenodic. In 
practically all the others (I am speaking of consonmis 
as well as of vowels) the components are all essentially 
musical. As to naturalness, it might be interesting 
to point out that, in a bass or baritone voice, the larynx 
frequencies often fall to as low as 60 or 60 per second. 
For instance, if I say " Oh, oh” my voice hm gone 
through a phase of this sort—861 to 966 and dowtt 
to a frequency of about 64, i.e. an octave above the lowest 
note on the piano. Therefore in ord«r to get trae 
naturalness in reproducing a man’s voice the apparatus 
must reproduce frequencies down to the order of 60 
or so: otherwise the natural effect of the voice is lost. 
Music demands a still larger range, because some ^tra- 
ments operate down to 20 vibrations per second. On 
the upper limit I should say that apparatus would have 
to respond at well over 5 000 periods to obtain i^tural- 
ness. The sounds of "f.” “th” and “s’ all have 
components of that order; the “ s ” sound in my o^ 
voice has a frequency of between 6 000 and 7^00. 
The natural frequency of the cavity of the ejr may 
have a bearing on this subject. In my own case it w 
about 2 900. If one puts a fingm into one s em md 
then takes it out gradually on# hears a note which rises 
up to about this frequency as the«air eavity is com¬ 


pletely opened. If the ear is covered with one hand so 
Is to lower its frequency all sorts of external noises are 
increased by resonance, but as one com^ to the natural 
frequency of tlie ear these resonant noises cease 
gethOT, indicating that the ear has ceased to be sensitive 
to noises of tlie natural external ear frequency, it 
instruments could be made to have the same natmai 
frequency as the human ear we might be 
of their natural periodicity. The .. 

diffment consonants varies greatly, merely as tested by 
their range in air. I recently made 
which may be of interest. The sound of f 
those conditions had a range of about 40 
the same conditions »th ” had a range of about 80 yards. 
Above 40 yards “f” was constantly mist^en for 
th.” Above 80 yards " th ” was mistaken for • s. 
The " s ” sound itself was always clearly heard up to 
160 yards. But the sound which had much the greatest 
carrying power was “ sh.” That is why we use sh 
when we ^h to get silence in a hubbub. A word as to 
the distinction between different transiente. I^ do 
not tViink it is necessary to rely on phase differences. 

I should think it likely that the ear is as uncoMaous 
of phase differences in the transients as it is m the case 
of persistent sounds. The following has to 
bered in regard to every transient sound. Take the 
» k ” and “ t ” and “ b ” and " p sounds. Each 
of these has several components—always two or three— 
and each of those components may be movmg m a 
different direction. Thus the middle component may 
be kept fairly level while the upper one is going up an 
the lower one is going down; so that although we may 
start with three similar componants, we e^ grt two 
entirely different transient sounds, because the «ift«ent 
components are moving in different directions, or their 
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tamplitudes ye increasing in different proportions. 
For example, tlie essential differences between the sounds 
^ “.p ** and b,*' and ** t and d/’ and ** k and 
are, broadly, that in ** and b what we hear 
is simply a variatifin of amplitude only; there are no 
audible changes of resonance. In fact, any method by 
which the resonances %ve suddenly started or stopped 
gives the ear the impression of a p or b ” sound. 
D. C. Miller actually made his group of organ pipes say 
“ papa ** by simply turning on the air supply sharply 
twice in succession. There, of course, the resonances 
were started suddenly and stopped suddenly. The 
sounds k and g and t and ** d are quite 
different. They are essentially due to ch^g^ of 
amplitude and of frequency. In k and g the 
most remarkable characteristic is that the sound starts 
by a double release, like turning on a tap in two stages; 
whereas in '' t and " d ** it is by a one-stage release. 
The high-frequency components of the sound are also 
much more pronounced in t ** and '' d than they are 
in k and g.” Figs. 6, 6 and 7 in the paper indi¬ 
cate the inadequacy of the system referred to for dealing 
with low frequencies. It will be seen that if the curves 
in Fig. 6 are continued back, there would be no amplifica¬ 
tion at all at 50 periods, and.if the curve in Fig. 7 were 
continued there would again be an amplification, at 
60 periods, of only about one-half that obtained over 
a very wide range from about 400 to 3 000 periods. A 
few days ago I listened to the loud-speakers at Wembley 
and I was particularly struck by the fact that no low 
frequencies at all were audible. There were some very 
persistent frequencies due to resonance of the horn 
or the diaphragm. The intelligibility was good. To 
sum up: for naturalness in music and in male voices 
we undoubtedly need responses to frequencies of from 
20 to §p and upwards. For intelligibility we want a 
greater sensitiveness in the higher regions, from 6 000, 

I shouTd say, up to about 7 000. Some very interesting 
experiments on the duration of human speech sounds 
have recently been published by Mr. Jefferson of the 
Phonetic Laboratory at University College. The device 
which he used enabled the actual movements of the jaw 
to be recorded. From that, exact information could 
be got as to the actual times occupied by syllables 
in human speech. 

Captain B. S. Cohen: On page 792 there are re¬ 
ferences to intelligibility, articulation, and traffic 
efficiency. Intelligibility and articulation are defined 
in this country very much as the author has defined 
them; but traffic efficiency has not been considered 
to any great extent and I do not think that the term 
will find very much favour. I suggest in its place 
^me such term as “ transmission speed factor." That 
would prevent any confusion with the normally-accepted 
definitiSa of "traffic." I am glad that the author 
emphasizes (on page 793) the necessity for reproducing 
at about the same volume level, as it has been frequently 
stated that a perfect repeater on a much reduced volume 
scale is all that is required, and this conception results 
in unsatisfactory reproduction. On page 796, under the 
heading of " Measurement of Intelligibility," the author 
'refers tqlists of monosyllables for determining the propor¬ 
tion of syllables accurately recorded, and states thit the 


lists are arranged to give equal weighting to the different 
elemental speech sounds. In this country it is customary 
to weight these lists in the proportion of the frequency 
of occurrence of the various speech sounds in average 
speech. Some occur very much more frequently than 
others and it is considered better to weight these lists 
than to take an equal weighting for each elemental 
speech sound. On page 798 the author refers to five • 
ty^es of high-quality transmitter in use at present. 

I should like to refer to three other types which it is 
considered may be of very considerable value for radio¬ 
telephony reproduction, but which are at present 
being utilized principally for measurement purposes. 
The first is the eddy-current transmitter due to Mr. 
Hewlett, who terms it a " tone generator," This con¬ 
sists of two rigid slab coils placed close together,^ with 
a thin disc of aluminium foil between. This disc of 
foil can be moved to and fro by impinging sound waves 
which pass through spaces in the coils. The eddy cur¬ 
rents produced in the aluminium foil by the field from 
the slab coils through which a polarizing current circu¬ 
lates are utilized for reproduction. This gives very 
faitliful reproduction and there are no resonance points 
over the audio range. The second form is merely 
a loose-leaf condenser of a few sheets used as an 
aperiodic transmitter. This offers considerable possi¬ 
bilities and is one of the earliest forms of condenser 
transmitter. The third form is the Wollaston wire 
thermophone. The footnote on page 799 states that 
standard cable has an attenuation constant of 0* 109 per 
mile. This is, however, an obsolescent American 
standard, and the standard in this country and a number 
of other European countries has an attenuation con¬ 
stant of O'lOe per mile. With regard to transformer- 
coupled audio-frequency amplifiers, I propose to exlubit 
lantern slides showing curves similar to those obtained 
by the American Bureau of Standards. These have 
been obtained with apparatus which was demonstrated 
at a recent meeting of this Institution and are actual 
reproductions of the photographic curves obtained on an 
oscillator outfit used for the measurement of frequency- 
amplitude charactetistics. The two sets of curves shown 
indicate the results obtained with two types of intervalve 
transformers. There are four curves for each trans¬ 
former, indicating the variations obtained with reversal 
of primary and secondary windings. These curves 
demonstrate the importance of the self-capacity of the 
windings. Although one of these sets of curves indi¬ 
cates a high-quality article, the other set, obtained with 
an expensive type of transformer, is decidedly unsatis¬ 
factory and indicates a very small percentage of output 
below 360 periods and above 3 500 periods. I agree 
with the author that it is somewhat amazing to the tele¬ 
phone engineer to see how unsatisfactorily such results 
compare with those obtained in ordinary telephony 
repeatering. 

Mr. L. B. Turiier: I wish to refer first to transients, 
of which frequent mention is made in the paper; and 
second^ to the parasitic frequencies introduced at the 
demodulator. Hitherto, telephonic ^eory has rather 
desperately idealized and vastly simplified its problems 
in assuming steady-state^onditions. The author points 
out that such isonditions are not a close approximation 
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to facts, and boldly attempts to utilize steady-state 
analysis to give at least qualitative guidance in respect 
to transients. I think that the importance of the 
transient treatment is even greater than the author 
suggests. Not only must consonants admittedly be 
so treated, but also clearly vowel sodhds whose duration 
in constant strength is brief; and it seems at least 
very doubtful whether even steady vowel-like sounds 
can be expressed as a Fourier series. In a recent issue 
of Nature (26th April, 1924), Prof. E. W. Scripture 
refers to this matter as follows: “ The analysis of a 
vowel into component tones can be shown to be mathe¬ 
matically and physically impossible . . . The Helmholtz 
theory that vowel sounds are composed of tones har¬ 
monic to the voice tone . . . pushed aside the Willis 
theory that the vowels consist of independent vibrations 
aroused by puffs from the larynx. . . . After years of 
oblivion, the Willis theory has been shown to be true 
for German vowels by Hermann, and for English vowels 
by myself.” That merely adds force to the author's 
insistence on the importance of transients. Now 
what does he do with transients ? In Appendix 1 
it is proved that ” transient phenomena need not be 
studied separately but can be regarded as included in 
aU investigations applied to steady-state distortion ''; 
but it appears to me a non sequiiur to deduce that ” a 
good steady-state response characteristic indicates good 
transient response in a general way.” Transient 
conditions are proved to be determined when steady- 
state conditions are determined; but I cannot see that 
circuits which are good or bad with respect to the steady 
state are therefore necessarily good or bad with respect 
to transients. Argument from steady state to transients 
is difficult and dangerous. On page 806 occurs the 
phrase, ” a phase-distorted reproduction of a transient.” 
What, I would ask, is the meaning of ” phase ” in a 
non-periodic disturbance ? The author states on 
page 798 that ” it has been shown by MoulUn and j 
Turner that for strong signals the demodulation is likely 
to follow a linear law,” but reference to our paper ♦ 
(Section 11, page 717) will show that the signal at the 
rectifier would have to exceed some 2V before the square 
law would be departed from appreciably, and practical 
signals (in the absence of a local heterodyne oscillator) 
are, of course, very much less than this. Let us assume, 
therefore, a rectifier characteristic i === a + 
and (following the S 3 mibols used in the paper) let us 
cpnsider a carrier wave B sin ct modulated^siniultaneously 
at two acoustic frequencies ^>i/(27r), Pzli^) so producing 
in the rectifier a P.D. 

v + J5(l + sinpi« + Ag sinpg^) sin ct. 

The rectified current is easily shown to cons^t of 
a constant t^rm and 24 sinusoidal terms, of which 18 
are of inaudibly high frequencies [e.g. (2o -Pi + P^V^'l 
and six oi acoustic frequencies. Only these six affect 
the ear, and they are given in frequency and ampH- 

tude in Table A. ^ ^ ^ * 

Of these terms, a and h are wanted, c and not 
wanted, but bein^ second harmonics of a and 6 they 
are not likely to be particularly noxious. Terms e and /, 
on the other hand, are likely Ho be troublesome. All 
* Jottmal 1922, vol. 6», p. 70ft. 
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the parasitic terms can be reduced to insignificance ip 
the expense of sufficiently reducing the modulation c^p. 
be faced, or if the carrier wave could be replaced ^or 
reinforced by sufficiently powerful local oscillation intro¬ 
duced at the receiver. Of the four parasitic terms 
c -- f, which must be present in some degree if both 
side-bands are radiated, three^vanish if the valuable. 
Western Electric Co. single side-band method of trans¬ 
mission ♦ is used. If in our example both the lower side- 
waves (o — jpj) and (o —- p^ are filtered out before 
reaching the transmitting aerial, the bracketed terms 
c, d and e in the table vanish (and the remainder are 
all halved in amplitude). The fact may lie embedded 
somewhere in the author's bibliography, but I have 
nowhere seen any reference to this further good feature 
of the single side-band method. We are accustomed 
to hear from the British Broadcasting Company that 
their transmissions are above criticism, and that if we 
do not get perfect music we must strive to improve our 
receivers. But I am not convinced. Might not an 
improvement perhaps be effected on the lines that I 
have indicated? In considering such matters, one 
must not forget that, in broadcasting, the familiar 


Table A. 


Term 

Frequency x 2»r 

Amplitude x 4 /yJ5* 

a 

Pi 


h 

P2 

4.^2 

[c 

2pi 


[d 



[6 

Pt+P2 

2AiAi\ 

/ 

Pi - Pi 

2A]^.A2 



• 

^0^ 


economic relation . between transmitter and receiver 
is reversed. In two-station wireless the cost of the 
receiver is only a very small fraction of that of the .trans¬ 
mitter ; but in broadcasting, great expense should be 
undertaken lightly at the transmitter if a small gain may 
thereby be effected in each of its 100 000 receivers.^ 

Mr. P. W. WUlans : I should like to refer to 
Appendix 1 of the paper, regarding which I am in 
agreement with the views of the last speaker. 
Undoubtedly, perfect knowledge of the modulus 
characteristic of a system would imply perfect know¬ 
ledge of the phase characteristic, but it does noh by 
any means appear to follow that any degre of 
uniformity in part of the one implies a corresponding 
degree of uniformity in the other, A Campbell filt^ 
is a sufficiently good instance of the contrary. Within 
my own experience of low-frequency amplifiers^ results 
obtained over a limited range of frequencies only are 
most misleading, modulus characteristics of the same 
general form yielding totally different phase angles at 
corresponding points. In order to illustrate my mean¬ 
ing I should like to describe some work which we have 
been carrymg out recently at Chelmsford on measure¬ 
ments of low-frequency transformers. Most of thes , 

• H.W. Nichols; ** rtansoceai^c Wireless Telephony,” Journal J . E . E .^ 
1923, vol. 61, p. 812. 

63 



810 POCOCK: FAITHFUL REPRODUCTION IN RADIO-TEL EPHONY; DISCUSSION. 


—r- 

#;iave been doM on a single stage of voltage amplifica- 
^n and conlist of comparisons between -^e input 
add utput voltages in respect of both amplitude and 
pllase. The input voltage is applied to the grid of 
a valve (see Fig. A) in the anode circuit of which a 
transformer is connected, the output voltage Vg' being 
developed across the secondary of the latter. By 
means of an audio-frequency bridge method the vector 
ratio could readily be measured at amplitudes 

corresponding to those experienced in practice. The 
results obtained were most astonishing to us at the 


fore appear that the curves just exhibited were plotted 
for valves of lower internal resistance than those for 
which the transformers were designed. I should like 
to mention, in passing, with reference to page 800 of 
the paper, that all intervalve transformers that we 
have measured which are in any degree efficient exhibit 
resonance effects well within the audio-frequency 
range, the phase angle becoming zero at some such 
frequency. It is not absolutely clear whether the 
author condemns aU transformers exhibiting effecte of 
this kind or only those for which the characteristics 
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time but have since proved capable of fairly exact 
interpretation on the basis of simple theory. A pair 
of curves corresponding to two different transformers 
is shown in Fig. B, These illustrate the possibility 
of obtaining over a limited range of frequencies modulus 
characteristics which are substantially uniform, togeth^ 
with phase characteristics of differing degrees of uni¬ 
formity. It would be almost impossible from an 
inspection of the characteristics, as plotted, to deduce 
that the phase-shift in curve A was double that in 
curve B over the same extent of characteristic, i.e. 
between 1 000 and 4 000 cycles per second. In fact, 
the great degree of uniformity in the characteristic 
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Fig. C.—Effect of magnetic leakage on transformer ampli¬ 
fication : diagram of transformer with magnetic leakage 
and self-capacity in the secondary circuit. 

are specially “peaky.” Our own experience is that 
resonance in itself is not only harmless when properly 
damped by the valve but is practically a necessity if 
the best results are to be obtained, as otherwise a 
sacrifice of efficiency on the low notes is entailed. 
The question of magnetic leakage in intervalve transr 
formers appears to be of the greatest importance. In 
conneetion with the theory of this subject I should 
like to refer to a paper by Mr. W. L. Casper which 
certainly deserves a place in the author's bibliography. 
We had no knowledge of this or any other publication 
on the subject at the time of carrying out the wprk 
which was completed during the course of last year. 
The theory is interesting, both from the point of view 
of phase distortion and as accounting for the 
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of curve A might have led to the conclusion that the 
self.capacity was extremely low and the resonant fre¬ 
quency at about 3 000. The point at which the phase 
angle is zero, however, indicates ihat the resonant fre¬ 
quency is about 1 000, and the maintenance of more or 
less H»nstant amplification at higher frequencies has 
proved io be due to the magnetic lealrage of the tr^- 
fofmer. The characteristics exhibited by a previous 
speaker illustrate the effect of this leakage to an even 
more marked degree, the abnormal ampMcations at 
frequendes (which already appear in curve A) 
being developed into a pronounced resonance hump. 
This effect would be produced on the transformer of 
.curve A if it were uited with a valve of lower internal 
resistaffee than that for which the curve was plotted 
(R iype, r = about 46 000 ohms) and it would tber©^ 


Fig. D.—Simplified circuit equivalent to Fig. C. 
m and r * valve constants. 

inductance (assumed entirely located in 
by secondary. 


abnormaHties in the transformer characteristics recently 
exhibited. Referring to Figs. C and D, l^e former 
shows a transformer in circuit having leakage inductance 
in both its windings and self-capacity in its seconda^ 
circuit. The self-capacity of the primary and the 
resistance of both windings may be neglected. Fig. 
J> shows a simplified equivalent circuit which the 
secondary circuit is replaced by a capacity shunted 
across the primary, equal to the effective self-capacity 
of the secondary multiplied by the square of the ratio 
of transformation, and all the leakage inductance is 
assum^ to be located in the primary circuit. The 
ratio of transformation is not necessarily the ratio of 
the total number of turns, but nev^theless can, with 

* ^Journal of the fAntorkan Institute of EUctrical EngCneers, 1924, vol. 43 
p.l97. . 
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a fair degree of accuracy, be taken as constant at all 
frequencies. A study of Fig. D will show the general 
effects to be expected at different frequencies. At 
the lowest frequencies the impedance of Ci will be 
considerably higher than that of JDj and the value of 
the latter will therefore determine tne amplification to 
be obtained. At the resonance of Li and Ci the full 
valve magnification will be obtained, since the 
impedance of the parallel resonant circuit may be 
regarded as infinite in comparison with that of li» 

At frequencies above the resonance of Li and the react¬ 
ance of the latter will become capacitative and tend to 
neutralize that of Ultimately a frequency will be 
reached at which these reactances cancel each other 
out and the impedance in the anode circuit of the 
valve is zero. It will depend on the relative values of 
the various constants as to whether an increase or 
decrease of amplification is obtained above the resonant 
frequency of Li and Oi. We may regard this in a some¬ 
what different way. The parallel resonance circuit 
^,iOl is shunted by r : consequently me smaller r is, 
the more heavily the resonant circuit is damped. On 
the other diand the resonant circuit liOj (assuming 
that the riiunting effect of Li at this frequency^ is 
negligible) is in series with r; as a result, reducing 
the value of »• will make this resonance less damped. 

If, therefore, we choose a transformer of given ratio 
and connect with a valve of either very high or very 
low internal resistance, bad resonance effects will be 
obtained. The curves recently exhibited give an 
indication of ah exaggerated second resonance, due to 
fhe combined effects of an excessive magnetic lealcage 
and a valve of too low internal resistance. With a 
valve of higher internal resistance a better curve would 
be obtained at high frequencies, but the " cut-off ” at 
low frequencies would, of course, be more pronounced. 
The only satisfactory way of avoiding troublesome 
effects of this kind would appear to be the reduction 
of -the magnetic leakage of the transformer to the 
utmost extent, and this step has been taken in the 
design of an intervalve transformer at present in 
course of production. In considering this le^age it 
must be borne in mind that the altonating flux 
densities in the core are so- low that only me initial 
permeability of me iron must be taken as indicatu^ 
the proportion of me total flux carried by the core. 
It is mus quite erroneous to assume unify coupling, 
even if me iron circuit is of excellent flesign. Trans¬ 
formers in which special attention is given to the 
reduction of magnetic leakage not only exhibit a 
greater freedom from distortion ova: wide ranges of 
frequency, bom in respect’ of phastf and amplitude, 
but also, owing to me better employment of me v^ve 
damping, am more .stable in multi-stage amplifies 
and will operate more reliably under me shghriy 
varying conditions mat are met wim in commercial 

^^Mr. W. J. Rickets : To reproduce speech correstly 
it is necessary to give me illusion of a person seated in 
me studio or central producing room. It is not posable 
entirely to reproduce the eff|ct because, aimoug^ it 
has been proposed, it is exceedingly difficult to produce 
a stereoscopic or stereophonic effett. It is, however. 


probably not impossible ultimately to pyoduce sounc^ 
of me same quality and intensity as those impinging 
on me microphone or similar device at me studio or 
me transmitting station.. In all^loud-speakos and 
amplifiers very considerable phase differences as regards 
components of various frequencies are certahfly intro¬ 
duced, and it is yet possible to abtain quite fair results. 

The ear appears to act as a sort of Frahm frequency 
meter. If transients were applied to a frequency meter 
many of me reeds of the meter would probably respond 
to me sudden jar, whereas if a sustained compound 
wave is applied it will indicate me particular frequencies 
mat are present. In the same way the ear will probably 
respond to steady-value sounds which are applied, and 
all frequencies present will be appreciated irrespective 
of me phase relationship. It is probable mat many 
consonantal sounds are indicated by the envelopes of 
me vibratory curves, and not so much by the frequencies 
mat are present. In improved loudrspeaker and au(ho- 
frequency apparatus me system should respond fairly 
quickly to any transient changes which are produced. 
Probably me varying sensibility of me ear to sounds 
of vaiying frequencies and amplitudes is me cause of 
me phenomenon of apparent distortion which can be 
noticed in me near vicinity of a loud-speaker. The 
loud-speaker may sound perfectly clear when one faces 
me front of me trumpet, but, if one moves round later¬ 
ally apparently considerable distortions appear. That 
is probably an effect due to me varying energy mo¬ 
tion along different radii and to me var 3 dng sensibmty 
of the ear to me components which are projected. One 
thing necessary in me production of real naturalness on 
a large scale is so to arrange me loud-speakers that at 
any point a person listening shaU hear sounds proceeding 
from one focus. At some demonstrations sounds can 
reach me listener from two loud-speakers, and by acousne 
interference very pecuUar effects may be prodaceds«.M a 
large loud-speaker or several loud-speakers are located 
at one point, probably me sound waves proceedmg 
outward are more or less spherical. The sound which 
reaches me listener is of one phase, but if more than one 
loud-speaker is used and me sources of Mund axe 
separated it is almost inevitable that some of me (torn- 
ponent waves arriving from one or omer of me l^d- 
speakers are considerably out of phase. This may 
occur when the individual loud-speakers are giving 
quite good results. The loud-speaker is sometoM 
blamed as being a very unsatisfactory device. It is 
certainly very inefficient from me energy point of yjew, 
but when it is considered that all loud-speakers “ 
effect a multi-frequency single-phase motor coupled 
to an air pump, which has to operate on ciment gf 
frequencies varying from about 60 or 60 up to 10 ^ 

second, and voltages varying in sof 
ratio, it is really very wonderful thatmerwults 
from loud-speakers attached to reasonably good ampli¬ 
fiers are as faithful as mey are. _ 

Dr. N. W. McLachlan (commumcaiea) . The paper 

is a useful epitome in general form of 

knowledge concerning the pimcipal eleme^ w 
cause distortion in a broadcastifll system. There are. 
two qmissions, namely, (1) the valve ^ 

its associated circuits, and (2) night effect inclu ng 
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fading—on disi^:ances of 100 miles and upwards. The 
^pciples governing faithful reproduction at the trans- 
mittie —or more accurately, faithful modulation of the 
^rier wave—are similar to those at the receiver. 
Some of these were cited in a lecture which I delivered 
before the South Midland Centre early last year,* 
in which the various distorting factors, except night 
effect, were treated in a simple manner. There are, 
broadly speaking, two modes of defining distortion: 
the first is on an artistic basis, whereas the second is on 
a scientific basis. From an artistic viewpoint, quality 
must be adjudicated by competent trained musicians 
or musical critics. The sense of quality in this instance 
is to a certain extent arbitrary, owing to variations in 
the aural perceptions of different individuals. From a 
scientific viewpoint reproduced sounds are undistorted 
when the fluctuations in air pressure at the microphone 
and at some suitably situated point in the reproducing 
room are identical. It might be difficult to fix the 
proper point, owing to the reaction of the walls, etc. | 
This latter effect could be surmounted in the well- 
known manner by draping to secure acoustic damping. 
Strictly speaking, both definitions are inadequate, since 
the quality depends upon the relative positions of 
microphone and orchestra or singer. 1 endorse the 
author's comments on the distortion accompanying 
loud-speaker reproduction. The fact that moderate- 
intensity headphone reception is usually accepted as 
being of better quality than that of a loud-speaker 
is probably due to the absence of audible alien tones, 
since the sounds are relatively weak. On the other 
hand it would appear—owing to the inherent amplitude 
and frequency distortion of one’s aural mechanism—^that 
there must be aural distortion, since the sounds with 
telephones are very much weaker than the original. 
’Moreover, it seems that distortion occurs with both 
Iou4><§^akers and hekdphones, but the sounds from 
one are more acceptable than those from the other. 
It is stated that the reproducer should be arranged 
to yield the same intensity of sound as that at 
the studio. The question immediately arises: What 
point in the studio should be chosen ? I expect that 
the microphone position is intended. Despite distortion 
' due' to the reduction in intensity, I think the author 
would prefer not to hear a military band at full strength 
in a room of average size. I have listened carefully to 
the larger types of loud-speaker yielding moderate 
acoustic intensities, taking care to avoid distortion 
in IJie valve circuits. Although accurate measurement 
is the only safe criterion, I feel that the reproduced ver¬ 
sion of instrumental music contains tones which axe 
qpt present in the original. In making comparisons 
it is«7ell to do so at intervals, because the ear requires a 
rest of ^several days to avoid a natural aptitude for 
becoming increasingly tolerant and optimistic. 
Assuming my alien-tone diagnosis to be correct, and 
that such tones do not exist in the modulatory appara¬ 
tus at the transmitter, it is essential to look to one or 
more of the sources of asymmetry at the receiver or to 
impulsing at -the reproducer. The various ways in 
^ which as 3 nnmetry is^ likely to occur are: (1) Deep 

•V 

* Beama, 1923, vol. 13, pp. 286 and SG6; alsa EUdricidn, 1923, W. 90, 
p. ^4, and WireUtss World, 1923, vol. 12, p. 83. 


modulation of the carrier wave, and the mutual effect 
of this and the curvature of the rectifier characteristic. 
The frequencies of the alien tones will depend upon the 
equation to the rectifier characteristic, and this is 
not always of parabolic form, which has been assumed. 
The author states tiiat demodulation will follow^a linear 
law with strong signals. This only holds, however, 
when the transmitter modulation isr not too deep. 
(2) Operation of valves on the curved portions of their 
characteristics. In reality only a comparatively small 
proportion of a characteristic is sensibly linear, and 
mth moderate amplitudes a certain de^ee of asymmetry 
is introduced, but this may be sufficiently small to be 
undetected by the average ear. (3) Improper adjust¬ 
ment of the valves, thus obtaining grid current. For 
moderately loud sounds, say for an average room, a grid 
bias of the order of — 18 volts or more is advisable, 
so that extraordinary maxima do not promote grid 
current. This means that the valve characteristic 
should be linear over a range of 36 volts on the grid, 
i.e, from — 36 to zero grid volts. (4) Hysteretic 
and saturation effects in iron-cored transformers and 
in certain types of loud-speaker. Owing to the presence 
of a polarizing current, the iron operates on a subsidiary 
and not on a main hysteresis loop. The value of the 
effective permeability is altering continuously, and 
its value is the slope of the loop at any instant, i.e. 
dBjdt, (6) Unbalanced type of reproducer or loud¬ 
speaker, in which the force-displacement curve is 
asymmetrical about the equilibrium position, for example 
the usual reed or diaphragm class of instrument (not 
the Magnavox *')• The Gaumont conical-coil type 
of loud-speaker is also as 3 nnmetrical, since the restoring 
forces on the coil are unequal for the to-and-fro directions 
of motion, owing to the mechanical construction. 
(6) Non-linearity of the force-displacement curve of 
the moving part of the reproducer for large amplitudes. 
The frequencies of the alien tones in the two latter cases 
depend upon the curvatures of the force-displacement 
curves. Lastly there is the influence of the free oscilla¬ 
tions of the diaphragm and other parts of the reproducer 
capable of vibration. During a transient, the repro¬ 
ducing S 3 rstem, consisting of the loud-speaker and its 
component parts, is impulsed, and imposes its natural 
frequency and a train of overtones of enharmonic 
ffequencies—^with a circular diaphragm there is an 
exception when it is in two parts *—^in varying degree, 
according to thfs increment of the transient. The effect 
of the main free oscillation of the diaphragm can, of 
course, be curtailed by introducing an acceptor circuit; 
also a certain degree of damping is exercised by the 
last valve, which is usually of low impedance. It is 
probable that the alien tones, to which reference has 
been made, were associated with causes'•(4) and (6), 
and with free oscillations of the loud-speaker assem¬ 
blage. The faithful reproduction of Ixansients is of 

• nj C. V. Raman and S. Kumar ; “ Musical Drums with Harmonic Over¬ 
tone#,’^ Nature, 1920, vol, 104, p. 500. In this paper a certain type of Indian 
drum whc^ overtones are Inte^al multiples of me fundamental is treated. The 
drum counts of a central drcmar portion loaded with a special adhesive mixture 
containing dnely divided metal, and an outer supporting ring. (2) R. N. 
Ghosh : “ Musical Drums,*’ Physicdl Review, 1922, vol. 20, ser. 3, p. 526. In 
this paper the loading of Indian drpms is discussed, and it is shown that when 
the .load varies inversdy as the square of the distance from the centre, the 
overtones form a h9rmoni(Lserfes, whereas inverse linear loading yielos an 
enharmonic series. . 
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paramount importance, since they form the essential 
characteristics of either speech or music. The ^culties 
in accurately reproducing pianoforte transients are 
well known to those who have studied the subject. The 
piano is analogous to a spark transmitter with its impul¬ 
sive effects at the receiver, whereas •the violin, ’cello or 
kindred* instrument, during the steady state, is ana¬ 
logous to the csfrier wave of a continuous-wave trans¬ 
mitter. In general the initial rates of rise of tr^sients 
which occur with the violin, etc., are less rapid than 
those from a percussion instrument like the piano. 
There is, of course, pizzicato playing on the violin and 
the beating of drums or clanging of cymbals, also the 
chiming of large bells, which yield fairly severe transients. 

As stated in the paper, it is customary to suppose that 
the phases of the various tones are unimportant durmg 
the steady state. I wish to ask the author if this applies 
to a very complex sound from a full orchestra for all 
intensities from pianissimo to fortissimo. In treating 
the topic of transients analytically, he concludes that 
distortion problems can be regarded in the same cl^s 
as those during the steady state, but this only applies 
provided i:here is no phase-shift. One would expect 
that with a heavily damped transient, the phases of the 
resulting spectrum of frequencies into which the transient 
can be resolved would be of importance in aural inter¬ 
pretation In this respect the following example of 
tonality may be of interest: It is Imown to piano 
manufacturers that two instruments of similar con¬ 
struction are different in tone. This is said to be due 
—amongst other things—to the relative intensities 
of the fundamentals and their partials; also to the 
phase relationships of these frequencies.* If the latter 
statement is correct, it is probable that the ph^es of 
the component frequencies of a transient play their part 
in determining the quahty of instrumental music and 
maybe that of speech. Reference is made here to the 
infinite series of frequencies—^within the range of 
audibility—into which any transient can be resolved. 
The phases, as well as the amplitudes of the component 
frequencies, determine the wave-form of the transient. 
If the phases are of importance in aural interpretation, 
the relative phases of the air pressures at the studio must 
be identical with those at some point in the reproducing 
room. I should be glad if the author would state 
whether it is possible to secure zero phase-shift 
throughout a complete radio-telephonic system. It is 
fairly obvious that the usual tjrpe of low-frequency 
amplifier causes phase-shift. Another example of 
tonality was brought to my notice owing to the 
fracture of a copper-loaded string in my piano¬ 
forte. A new string was* inserted, •but beats could 
never be eliminated from the two. strings. An examin^ 
tion of the new string showed that it was loaded with 
smaller wire than the old one. Although the unisons 
or fundamentals of the two strings could be tuned, the 
overtones gave beats, showing that in one or both strings 
the overtones were not integral multiples of the funda¬ 
mental. Coming to the other side of the problem, 
where tones are eHminated in the reproduced version 


of music, the suppression of the higher tones due to am 
exalted degree of reaction can be readUy demonstrate 
when reproducing the violin. The instrument #then 
3 nlelds comparatively purp tones and simulates ihe 
flute, which is not rich in upper paftials. 

Mr. L. C. Pocock (in reply) : Sir Richard Paget 
questions whether aperiodic iphenomena are really 
involved in speech, since he finds that all the transitional 
sounds are essentially musical in character, I think 
that this is true; one might say that Nature abhors 
sudden changes, such as the elemental transient force 
that I have dealt with in Equations (4), (6) and (6), 
and it certainly seems that the only way of producmg 
such a severe transient change is the detonation of a small 
cap or bomb; other sounds such as the drawing of a 
cork, which to an ear less acute than Sir Richard Paget’s 
suggest mere noise, are highly damped periodic vibra¬ 
tions and the existence of definite pitch is readily 
observed when several such sounds are made in succession 
under conditions which give each one a different pitch. 
For clearness of thought it may be advisable to dis¬ 
tinguish between tones which can be resolved into 
continuous pure tones, and those which are periodic 
only in the sense that the pressure and velocity are 
zero at equally spaced intervals of time. Both classes 
of disturbance may be grouped together under the title 
of cisoidal oscillations ” applied to them by G. A. 
Campbell.* It seems evident that as to as aural 
analysis goes there can be no sharp dtetinction between 
steady tones and periodic tones in which the amplitude 
is changing, for the rate of change of ampHtude may 
be so small that a damped tone (e.g. that produced by 
a tuning fork) sounds pure ; if the value of the dampmg 
at which overtones appear is at all critical it may 
reasonably be expected to be associated yrith the 
phenomenon of masking, f The sounds of a tljird class 
ch^acterized by continuous change of time be^een 
successive pressure zeros characterize certain consonants 
and the clang of a bell % : these have no periodic struc¬ 
ture whatever. . 4. 

The point which I have tried to emphasize is that 
telephony has developed on a mathematical basis of 
steady-state vibrations, whereas every chaqge of amph- 
tude and frequency introduces foreign transient responses. 
which depend entirely on the response of the system 
to the elementary transient dealt with in Equations 

^^I^aif obliged to Captain Cohen for ppintmg out a^ 
objection to the use of the, term traffic efficiency 
for associating with the intelligibility of the transmission, 
system the time taken to convey an idea. His alterna¬ 
tive suggestion, however, appears open to the cntici^ 
that although it may not have been already appropriated 
for that purpose it certainly suggests the rec^rocal of 
the wave-length constant (imaginary part of the propag^ 
tion constant). I would therefore suggest some such 
term as conversation efficiency” or “communication 
efficiency.” I cann^ot agree that the monosyllables 
used in articulation-testing should be weighted accordmg 
to the frequency of occurrence of the sounds in English ; 


a ana other points, the question^)! the phases of these 

tones is dtecussed. 


* Joanx^ 0 / tU AnUHcan ItaUMt of ElUHrMi BnglMors 1911; vol. 
) 87S 

■ t sie BibHograph, (S). 

Ibii. (9U). 
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±0 do this is to attempt to measure something between 
nj^elligibility said articulation as I have defined it. As 
a ruivlamental principle it is better that experimental 
observations should aim at^the determination of the 
inherent properties*of the matter investigated, with 
the exclusion of as many incidental variables as possible, 
in order that the results jaay possess a broad application. 
In this case, articulation is the property of the system 
to reproduce sounds closely similar to the original 
sounds; if all pronounceable sounds are used with 
equal weighting the tests measure this property in its 
simplest form. Measurements thus made have the 
widest possible significance, and the conversion of 
articulation percentages to intelligibility percentages can 
be made for any language from the same basic results. 
This point of view is worth consideration in. connection 
with the rapid strides now being made towards a higher 
development of international telephony. 

In reference to Mr. Turner's allusions to the nature 
of vowel sounds, it will probably be agreed that a com¬ 
plete explanation has yet to be presented. The fixed- 
pitch theory of vowels is not sufficient to enable vowels 
to be constructed; it is noteworthy that synthetic 
vowels have been produced only by means of vibrations 
rich in overtones (probably enharmonic) and it seems to 
me that the reinforced enharmonic partials on each side 
of the characteristic vowel tones are essential to vowel 
character, but whether these owe their origin to 
independent pufis or not does not appear to me to have 
been conclusively proved. The meaning of my refer¬ 
ence to phase distortion in a transient is as follows: 
There are two ways of regarding a Fourier integral: 
(1) as a mere indentity, a function which states the 
value of any arbitrarily selected ordinate, and (2) as 
a continuous spectrum of simultaneously existing 
frequenc;ies. The former view is brought out in Heavi- 
sideJi^jeatment * and the latter in Byerley's '' Fourier 
Series and Spherical Harmonics.” If the Fourier 
integral is regarded as a spectrum of frequencies each 
element has its appropriate phase which is determinable 
[see Bibliography (28) for an example], and it is to the 
initial phase of ^ese partial waves that I refer. 

The particular advantage of single side-band trans- 
• mission referred to by Mr. Turner is mentioned briefly 
byR. V. L. Hartley.t 

A very important criticism by Mr. Turner bears upon 
the relation between the perfection of transient reproduc¬ 
tion and the perfection of steady-state reproduction. 
The ^difficulty in establisliing any relation lies in the 
fact that only a moderately successful judgment of 
the faithfulness of reproduction can be made from an 
inspection of the response-frequency characteristic; if 
the curve lies evenly between fairly narrow limits over 
a sufficiejitly wide range of frequency, reproduction will 
be good, and if it has excessive hiimps and hollows, or 
is not approximately constant over a sufficient range 
of frequency, the reproduction will be poor; but of two 
curves both showing firequency distortion it is not 
possible to say by inspection which is the better unless 
one‘ obviously approximates to the good type and the 
other obviously falls in the other category. With the 

♦ “ElectromagneticTheory,” vol. 2, par, 271. 

t See Bibliography (28), p. 41. 


same degree of approximatioi;i it may be argued that 
an ideal response-frequency curve (constant for all 
frequencies) indicates that discontinuities, and therefore 
transients, will be accurately reproduced, while a bad 
response-frequency curve showing excessive humps and 
hollows indicates irilerior transient reproduction charac¬ 
terized by parasitic oscillations depending upon the 
elements of the system. It is clear,, that the ideal 
characteristic for steady-state reproduction is the same 
as the ideal characteristic for transient reproduction, 
but any further comparison is rendered difficult by the 
absence of means of determining the effect upon aural 
! interpretation of alterations in the shape of the response 
characteristic. It can, however, be shown that the 
duration of an oscillatory response to an impulsively 
applied force diminishes as the response characteristic 
grows flatter (the general shape of the curve, that is the 
frequencies at which maxima and minima occur, being 
kept unchanged). It is also possible to deduce from 
the work of J. R. Carson * that in a low-pass filter the 
response to an impulsive impressed force becomes less 
sluggish as the cut-off frequency is raised. In these 
cases, therefore, transient and steady-state reproduction 
improve concurrently. 

Mr. Willans appears to attach considerable impor¬ 
tance to the phase characteristics of transformers, 
because he adopts zero phase angle as the definition 
of resonance. There are various ways of defining 
resonance in parallel circuitsj* and care must be taken 
to adopt the appropriate definition vrhen, as in trans¬ 
formers, the resistance term is important. In tliis case 
maximum current through of Mr. Willans's Fig. D 
is the appropriate definition of resonance, because the 
frequency at which this occurs will give a maximum 
on the frequency-response curve. When there is 
appreciable magnetic leakage, the resonance conditions 
of a circuit simplified even as in Fig. D are complicated 
and the zero phase frequency has not in general a 
critical significance. A careful analysis of tlie trans¬ 
former equations will be found in the bibliography. J 
I should like to point out that a transformer should 
be designed to work between certain impedances and 
should be tested between those impedances ; if a valve 
. is used it should be the right valve and the already 
complicated theory of transformers need not therefore 
b^fiiither complicated by considering the effect of using 
wrong impedances. 

t Dr. McLachliin, referring to the aural distortion 
arising from reproduction at the wrong loudness level, 
suggests that such distortion is preferable to the hearing 
of a military band at full strength in a small room. 
The latter is not* the meaning I intended to convey; 
the intensity of reproduction in a small room should 
•not be the same as that of a band playing m the room, 
blit rather the iiitensity at which the band is intended 
to be heard, for example, at a distance of 20 or 30 yards 
in an open park, and it is indirectly to produce open-air 
conditions that a studio should be heavily damped for 
the reproduction of band music, I. am inclined to 
think that the phase of tones in the very complex sounds 
of a full orchestra is practicsdly as unimportant as 

♦ “Transient Oscillations,” Journal of the American Instiiufe of Electrical 
Engineers, 1919, vol. 88, p; M5. 

t Bibliography (44), pp. 7o and79. % (46). 
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among two or three tones; the various instruments 
will never be all in phase as heard at a given point, 
nor will their overtones be in phase; if a large number 
of instruments were in phase on a single tone a secondary 
effect, viz. aural amplitude distortion, might occur 
simply on account of the unduly high intensity of the 
note, bftt the resulting increase in harmonic overtones 
would scarcely be important. According to D. C. 
Miller the total* loudness of two distinct tones is inde¬ 
pendent of their relative phase, and this is reasonably 


consistent with the theory of the mechanism of hearing 
I am glad to find that Dr. McLachlan tgrees vnth 
that phase distortion of the components of a transient 
are important, but when I say that the reproduc’^on 
of transients is determined by the^steady-state charac¬ 
teristics I include this effect for the reason that, in 
circuits capable of analytical treatment, the transient 
reproduction is wholly deteSnined by the mutual 
factor, which in turn is uniquely determined by the 
frequency characteristic. 


BENEVOLENT FUND. 


26th annual general MEETING, 8 MAY, 1924. 
(Held in the Institution Lecture Theatre.) 


Dr. Alexander RusseU, F.R.S., President, took the 
chair at 6.30 p.m. 

The notice convening the meeting was taken as read. 
The minutes of the 25th Annual General Meeting 
held on the 31st May, 1923, were taken as read and 

were confirmed and signed. 

The Report of the Committee of Management (see 
below) and the Statement of Accounts for the yea^ 1923 
(see page 642) were presented and, on the motion of 
the Chairman, seconded by Captain R. J. Wallis-Jones, 

were unanimously adopted. , . j 

Mr. J. Attfield, F.C.A., was unanimously re-elected 

Hon. Auditor. -aj. 

The Chairman reported that the foUowmg Committee 
of Management had been appointed for 1924-26 . 

The President (ex officio) 

Sir James Devonshire, K.B.E. | Representing 
Captain J. M. Donaldson, M.C.) the CouncU; 


Lieut.-Colonel K. Edgcumbe 
Mr. S. W. Melsom 
Mr. W. R. Rawlings 
Mr. A. A. Campbell Swinton, F.R.S. 

Mr. S. Evershed ) Representing 

Captain R. J. Wallis-Jones 
Mr. P. Rosling 


Representing 
the Council; 


the 

Contributors ; 


and the Chairman of each Local Centre in Great Britain 
and Ireland. • 

The meeting then terminated. 

[Prior to the Annual General Meeting an Extraordinary 
General Meeting of the Contributors to the Fund was 
held for the purpose of confirming the new Rules for 
the furtherance of the object of the Fund, which had 
been approved at an Extraordinary General Meeting 
held on the 27th March, 1924,] 


REPORT OF THE COMMITTEE Ot MANAGEMENT FOR THE YEAR 1923. 


Capital. # 

The Capital Account stood on 31st December, 1923, 
at £9 969 11s. 3d. 

Receipts. 

The Income for 1923 from dividends, interest, and 
annual subsOTptions was as follows : £ 

Dividends on investments . 470 12 9 

Interest .. •• •• •• '* oo? i a 

311 annual subscriptions. 

-«—' 

£7y) 18 0 


In addition to the foregoing, the Fund benefited 
during the year by the foIloVing donations, many of 
which are non-recurring 


Electrical Engineers’ Ball Committee .. 
W. T. Henley’s Telegraph Works, Ltd. .. 

" Twenty-Five ” Club . 

Messrs. MuUaxd and Graham .. 

R. N. Vyvyan . * • • . •• 

Incorporated Municipal Electrical Asso¬ 
ciation 

F. R. Marsh. 

and 693 non-recurring donations of under 

£10 .. . 


£ s. 
63 
25 


d. 

0 0 
'O 0 
16 15 0 
16 0 0 
14 J0*0 


10 10 
10 0 


261 13 7 
£405 8 7 


The accumulated balance of the Income and Jfxpendi- 
tare*Account amounted on 31st December, 1923, to 
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INSTITUTION NOTES. 


Grants. ; . • 

Applications for assistance were no^ade by, or on behalf 
9A -niareons dnrinfif and the Committee, after 


£1 622 17s. 6d., of which £1 002 19s. 3d. was invested, 
l^d £600 on d^osit with the Institution bankers. 

^ * Donors and Subscribers, 

Lists of the nam^ of donors and subscribers during 
1923 have been published in the Journal 
The Committee of Maj^agement desire to acknowledge 
their indebtedness to the donors and subscribers. As 
will be seen from the Accounts, the Expenditure prac¬ 
tically equals the Income, and the Committee venture 
to urge upon members the pressing need for a generous 
support of the Fund. Apart from donations, the 
Committee will be grateful for annual subscriptions even 
of small amounts. 


due consideration, made grants in 21 cases. 

The total amount of the grants was £1 034 2s. 4d. 

Wilde Fund. 

The Capital Account stood on the 31st December, 
1923, at £2 798 10s. 2d., of which £2"797 18s. Id. is 
invested and brings in an annual income of £99 Hs. lOd, 

The balance standing to the credit of the Income 
Account, from which, under the Trust Deed, full Members 
only can beneht, on the same date was £182 9s. 7d. 

No grant from this Fund was made during the year. 


INSTITUTION NOTES. 


International Conference on E.H.T. Supply 
Systems. 

The Third Conference [see Institution Notes, 1923, 
vol. 61, pp. (6) and (9), and Journal 1924, vol. 62, 

p. 132] will be held at Paris about the end of June, 
1926. As in the case of the previous Conferences held 
in 1921 and 1923, discussions will take place in French 
and English on Reports presented by members of the 
Conference, Visits to works and excursions will also 
be arranged. Full particulars can be obtained from 
the Gei^ral Secretary of the Conference, M. Tribot- 
26 Boulevard Malesherbes, Paris. 


The Benevolent Fund. 


£ 

1 


s. d. 
0 0 


The following is a list of the Donations received 
during the period 26 July-26 August, 1924 

Burgum, W. T. (Minas Geraes, Brazil) 

‘Cox,T. H. (Cheltenham) 

Grey, W. J. (Shanghai) 

Grifl&n, J. G, (Hatfield) 

Horowitz, H. (London) 

Lacey, H, M. (London) 

Lane^ W. E. (London) .. 

Naylor, W. S. (Manchest^) 

Oliphant, T. (Shanghai) 

Thomas, A. O. (Sarawak) 

Whitahom, H. K. (Maidstone) 


3 

6 

10 

6 

0 

6 

1 

10 

6 


Accessions to the Reference Library. 
AiTKENi W. Automatic telephone systems. voL 3. 
Large multi-office automatic systems ; semi-auto- 
ma'dc working » miscellaneous systems j lay-out 
and wiring; power-plant; traffic. 

4to. 363 pp. London, 1924 
Ashford, C,E. Electnicity and magnetism : theoretical 
and'practical. 3rded.. ^ - 

sm. 8v6. i316 pp. London^ [1922] 


Atkins, E. A. Electric arc and oxy-acetylene welding. 

sm. 8vo. 323 pp. London, 1923 

Atkins, W. Common battery telephony simplified. 

4th ed. 8vo. 139 pp. London, 1921 

Baines, A. E. Germination in its electrical aspect. 
Together with some further studies in electro¬ 
physiology. 8vo. 206 pp. London, 1921 

-Studies in electro-physiology (animal and vege¬ 
table). 8vo. 320 pp. London, 1918 

Baker, R. P. Engineering education. Essays for 
English selected and edited by R. P. B. 

sm, 8vo. 194 pp. New York, 1919 
Bangay, R, D, The elementary principles of wireless 
telegraphy. [2nd ed,]. 

2 pts. [bound in 1 vol.]. sm. 8vo. London, 1923 
Bowker, W. R. Electrical circuits and connections, 
A technical, practical, and operative treatise on 
direct, alternating, polyphase, and hydro-electocal 
engineering circuits. Being the 3rd enlarged edition 
of Dynamo, motor and switchboard circuits for 
• electrical engineers." 

8vo. 223 pp. London, 1922 
Broughton, H.^I. The electrical handling of materi^s. 
A manual on the design, construction and application 
of cranes, conveyors, hoists and elevators. 4 yols. 

4tD. London, 1920—23 

1, ♦Electrical eqiflpmeiit, 

2, Structural work. 

8, Electric cranes. 

. 4, Macihinery and methods. ^ 

Brown, S. E, Expmmental electricity and magnetism. 

sm. 8vo. 228 pp. Cambridge, 1922 
Brownlie, D. Mechanical stoking: 

sm. 8vo. 244 pp. . London, 1923 
Campbell, L. L. Gaivanomagpretic and thermo- 
ma^etic effects. The Hall and ^ed phenomena. 

8vo. 323 pp. 1923 

Case, J/ The theory oP direct-current dynamos and 
motors. ^ . o 8vo. 2.09 pp. Cambridge, l^2X 
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POWER CIRCUIT INTERFERENCE WITH TELEGRAPHS AND 

TELEPHONES. 

By S. C. Bartholomew, Member. 

(Pa-ber Arst received 28<A January, and in final form 10/A March, 1924; read before Thb Institution 10/A April and before 
(jra-perprsi reoe^ Mersey and North Wales (Liverpool) Centre 28/A ApHl, 1924.) 


Summary. 

The subject is of interest to the designer, the power 
engineer and the communication engineer, and the time 
appears to be ripe for a review of the situation. The paper 
is a general survey of the position, describing the features 
in the modern generation and distribution of electrical energy 
which are responsible for interference with telegraph and 
telephone circuits, emphasizing the importance of harmonics 
in this connection, and indicating some known remedies 
which may be applied to power plant at its source when 
trouble is experienced. 

The improvements to be expected by the transposition 
6f wires forming overhead power and telephone circuits are 
described and also the practical applications. The separating 
distance an'h length where power lines and communication 
circuits ruii parcel is next considered with reference to 
inductive effects from {a) the balanced voltages and currents, 
(6) the residual voltages and currents, and (<?) the abnormal 
occurrences due to short-circuits,* etc. 

The balance of telephone circuits is then dealt with. 
Telephone circuits in this country are designed to be free 
from disturbance from telegraph circuits and telephone 
circuits carried on the Same routes. It is considered that 
a balance which will ensure this is the most that can be 
expected in such a system as a public telephone service, 
and if disturbance from power circuits is experienced with 
such balanced conditions on the telephone circuits, then the 
injurious affection is excessive. Remedies which may be 
applied to telephone and telegraph circuits are described. 

A review of the problem and general experience in this 
country is then given under the headings of tramways, 
railways (direct-current and single-phase), and electric light 
and power systems, with an account of certain remedies and 
a discussion of the lay-out of power systems as inffuencing 
interference, in the author’s opinion the solution of the 
inductive problem is mainly one for the designer; the power 
engineer, the telephone engineer and the protective-ge^ 
engineer are also concerned in that order. 

In an appendix Prof. R. W. Marchant describes a method 
of removing ripples from mercury-arc rectifiers. • ♦ 


Table of Contents. ♦ 

Introduction ,—Definition of leakage. Definition of 
induction. Balanced voltages and currents. Residual 
voltages and currents. Salignt features concerned with 
prevention of disturbance. 

Noise in telephone circuits, 

UarmonicsT—ln alternating-current system, due to i 

Slots.; 

Flux; * . 

Transformers. 

In direct-current system; due to : 

Rotary converters; 

Mercury-arc rectifiers (see also Appendix). 

transpositions, 


Table of Contents — continued. 

Parallelism. 

Telephone circuit balance. 

Methods of minimizing telephone and telegraph inter* 
ference. 

Remedies applied to telephone circuits. 

Remedies applied to telegraph circuits. • 

Tracing the source of interference. 

The problem as affecting different power systems. 

Tramways. 

Electric railways: 

Direct-current. 

Single-phase. 

Electric light and power systems: 

Multiple earthing. 

Transient effects from abnormal conditions. 

Conclusion, 

Bibliography. 

Appendix. —“Method of getting rid of Telephon 
Interference from a Mercury-Arc Rectifier,” by Professor 
E. W. Marchant. 

Introduction. 

The object of the author in presenting this paper is 
to provide an opportunity for the different interests 
concerned to discuss the subject on a common j^atform,. 
with a confident assurance that nothing but ^cyi-wn 
result from such a course. Mr. Frank Grnih his 
Inaugural Address* for the Session 1922—23 made a 
pointed reference to this matter, and the time appears 
to be opportune for ventilating a subject which is of 
importance to the designer and the power engineer as 
well as to the telegraph and telephone engineer. In 
passing it may be pointed out that a great part of ^ the 
general public may be interested in the problem, 
especially by the effects on land lines used for wireless 
simultaneous broadcasting. 

The greater telephone development and the different 
conditions as regards the generation and transmission 
of electricity in the United States have resulted in the 
problems associated with interference developing earlier, 
and. apparently in a much more violent form, than in 
fhig country. This is very evident from the widesgreifi 
interest in the subject in that country, which has cul¬ 
minated in the appointment of Joint Committees of the 
National Electric Light Association and Bell Telephone 
Systems on the physical relations between the electricity 
Supply and signal systems. The National Main Com¬ 
mittee consists of 66 members, and there are local 
committees covering districts and sub-committees on 
research, field investigations, etc.^ 

* Jmmal 1938, vol. 61, p. 1. 
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All those interested in the subject axe indebted to 
Railway Commission of the State of California for 
&blishing the results of the exhaustive tests carried 
out by the Joint (Committee on Inductive Interference 
appointed by that body. J'he technical and other 
reports are indudei in a publication of 1 200 pages 
which gives an indication of the thoroughness with which 
the investigations wer% carried out. The treatment 
of the subject from both the scientific and practical 
standpoints is of a very high order. It does not deal, 
however, with the electric traction side of the problem. 

In this country we have not had the same widespread 
problems. The troubles have been more in the nature 
of isolated incidents, and the need for research on 
an 3 rthing like the scale found necessary in America 
has not arisen. This can partly be explained by the 
fact that until the last few years there was little dis¬ 
tribution of electrical energy by overhead lines, the 
development being almost wholly underground. Further, 
where high-pressure and extra-high-pressure lines have 
been erected, cross-country routes have been the rule, 
and in few cases are the routes parallel with and in 
close proximity to the main trunk lines of the Post 
Office which follow the public roads. In America, it 
is gathered, it is common practice for the power trans¬ 
mission lines to be erected on public roads, whilst the j 
voltages employed appear to be generally higher than 
in this country where 33 kV is the highest in use at 
the moment, although a 66-kV line is under construction. 

In presenting the paper the author asks for a certain 
amount of tolerance from the power engm®©r 
designer for presenting some features of their work in 
an elementary manner, having in mind the telegraph and 
telephone engineer; and on the other hand he asks for 
consideration from the latter in regard to any explana¬ 
tions which may appear unnecessary but which may 
perhaps be helpful to the power engineer and designer. 

jy^tenot claimed that the matter presented is new 
orth?1ffeatment original. A great deal of the technical 
information is contained in standard textbooks and in 
papers contributed to various Institutions, but hitherto 
the salient points bearing on the subject have not been 
easily available to anyone desiring to make himself 
acq[uainted with them. 

It is proposed to use the words communication 
circuit to cover both telephone and telegraph circuits, 
except in cases where the particular type of circuit 
r quires special treatment, and as a preliminary it will 
be well to consider what is involved by each of those 
methods of communication. 

The technical problem of telephony is concerned with: 

(a) The transformation of the spoken word into 
• electrical waves corresponding to it; 

{bf The transmission of these electrical waves for 
perhaps hundreds of mUes with the least 
possible distortion or loss of intensity and 
without the addition of foreign disturbances; 
and 

(tf) The reproduction at the receiving end of an 
audible sound which is a counterpart of the 
electrical wave and so of th originating spoken 
word. 


The apparatus employed in this interplay of sound 
waves and electrical waves is extremely sensitive and 
delicate, dealing as it does with amounts of energy so 
small as to be outside the ordinary purview of the 
power engineer. A telephone receiver will respond to 
a fraction of a microwatt, i.e. that amount of power 
will transform an electrical wave into an audible sound 
wave. « 

Similarly, telegraph systems, although not so sensitive 
as telephones, have to reproduce faithfully the originatin g 
electric impulse as a signal at the receiving end of the 
circuit. Here again the apparatus is very delicate and 
the operating currents axe small. 

It is obvious from this that if the telephone and 
telegraphs are to carry out their functions in an efficient 
manner they must be kept free from foreign currents 
and voltages, which are relatively infinitesimal com¬ 
pared with the strong currents and voltages employed 
on power systems. 

The working of power systems may have detrimental 
effects on telegraph and telephone systems by leakage 
or by induction. 

Definition of leakage ,—^Leakage currents are those 
which stray from a power S 3 rstem and enter a com¬ 
munication circuit at an earth plate and leave it at 
another earth connection on the same circuit. Tele¬ 
graph circuits are usually worked with an earth return, 
and such circuits axe more likely to be affected by 
leakage from stray currents than are telephone circuits. 

Stray currents may emanate from tramway or 
railway systems using an uninsulated return, or from 
faulty electric light and power circuits. The strength 
of a stray current depends upon the voltage between 
the two earth connections and the resistance in the 
circuit. 

The communication-circuit apparatus may be made 
unreliable or useless according to the strength of the 
stray current in the circuit. 

Definition of indviction. —Inductive, effects from power 
circuits may interfere with the working of telegraph 
circuits by mutilating the signals, and in the case of 
telephone circuits may affect the signalling arrangements 
associated with calling and clearing or, what is more 
common, disturb the speech on the circuit by producing 
noises. 

Inductive interference with communication circuits 
i^jay be caused either by the normal operation of the 
power circuits or by abnormal conditions resulting 
from short-circuits, switching operations, etc. Further, 
in certain circumstances, even though the working of 
the circuits may not be affected, conditions may be 
set up by induction producing such high potentials in 
the communicat^n circuity that there is actual danger 
to life from shock or risk of damage to plant. 

With the effects described there is also a danger of 
acoustic shock to anyone who might liappen to be 
listening on a neighbouring telephone circuit at the 
time. As regards danger to life, it should not be taken 
that such conditions exist or have existed in this country. 

Ihductive interference may be produced by both 
overhead and underground power circuits, the former 
being the more usual. It is, of course, unnecessary to 
discuss here the general Aaws of the inductive effects of 
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electrostatic and electromagnetic fields associated with 
electric circuits, as, with the exception perhaps of 
electrolytic and heating work, they are associated with 
every useful application of electricity. The author 
thinks, however, that it will be helpful to recall briefly 


the principal features. 

Electromagnetic induction ,—^The strength of a magnetic 
field rouhd a conductor is directly proportional to the 
current. If the current is alternating there is a com¬ 
plete cycle of cfiange in the field with every cycle of 
current. The rate of change of the field intensity is 
proportional to 'the frequency, being influenced to a 
certain extent by the wave-shape. The density of the 
magnetic field ia greatest near the conductor, and at 
other points varies inversely as the distance from the 
centre of the conductor. The induced voltage produced 
by a power line upon a neighbouring wire running 
parallel with it will depend upon the field strength (which 
is proportional to the cmrent), the frequency, the 
length of parallelism and the separating distance. 

Electrostatic induction ,—^Where wires are suspended 
in the air and insulated from each other and the earth, 
they may be regarded as two plates of a condenser. 
£ach wire forms one side of the condenser, the earth 
being the other. Any charge or electromotive force 
applied to one wire will produce a difierence of potential 
between that wire and the ground, which will affect 
the potential between the other wires and the ground. 
With every change of strength in the electromotive 
force, or with reversals such as are associated with 
alternating-current S 3 rstems, the charges induced in the 
wires will vary accordingly. The electric charge on a 
wire varies directly with the applied voltage on the 
disturbing wire. The potential of this ch^ge will 
depend upon the capacities of this wire to the disturbing 
wire and to earth. The charging current produced 
depends upon the value of this potential and on the 
capacities referred to. It foEows from this that while 
th charging current and therefore the disturbance 
vary as the length of parallelism, the static potential 
induced is not affected by the length. The charging 
current varies also with the frequency. As the electro¬ 
static induction on a conductor depends not only upon 
the capacity between the conductor and the disturbing 
wire but also upon the capacity between the conductor 
and earth, it follows that the presence of other wires 
and earthed objects in the neighbourhood affects thg 


conditions in this respect. 

The following is a comparison of the effects of the 

two fields:— , . .. u. 

Electrostatic induction is proportional to the voltage 
of the power system but is independent of the current, 
whEst electromagnetic induc*tion varies with the current 
in the power system but is unafiected by the voltage. 
Both electrostatic and electromagnetic effects are pro¬ 
portional to the frequency of the power system. Where 
power lines and communication circuits are in such 
proximity that inductive interference may be expected, 
this is usually referred to as an ** exposure.*' The 
voltages produced by electrostatic induction are inde¬ 
pendent of the length of the exposure, whilst the (dectro- 
magnetic effects are proportional to the length of the 
exposure. On the other hand^the amount of current 


flowing is in both cases approximately proportionals to 
the length of the exposure, the current due to magnetij; 
induction being the same at all parts of the circuit, 
which is not the case with that due to electrostatic 
induction. , ^ 

A study of inductive interference in America, the 
principal work on which has been carried out by the 
Californian Railway Commissioij previously referred to, 
has led to the standardization of terms which are very 
convenient for describing the conditions associated with 
the problem. Power-circuit voltages and currents are 
classified tmder two general heads: (1) Balanced 

voltages and currents, and (2) residual vcltages and 
currents, the former being those which are balanced 
with reference to the earth, whEst the latter are these 
which are unbalanced with respect to earth. At any 
instant of time, the algebraic sum of either the balanced 
currents or the balanced voltages in the several conduc¬ 
tors is zero, whEst the algebraic sum of thS total 
currents in the several conductors is the residual current, 
and the algebraic sum of the total voltages to earth is 
the residual voltage. , As an Elustration, a circuit 
consisting of an overhead trolley wire with an unin¬ 
sulated rail return is whoUy unbalanced with respect to 
the earth, the total voltage and current being residual. 

On the other hand, a double-wire circuit with no con¬ 
nection to earth and conductors arranged symmetrically 
with respect to the earth and other objects would have 
neither residual voltage nor current, as the voltage to 
earth on one side would be equal and opposite to that 
on the other. The same would apply to the current, 
and in that case both voltages and currents are wholly 
balanced. 

Excepting the cases of traction systems employing 
earthed returns, it can be taken that the balanced 
voltages and currents are those which perform useful 
work in the circuit, whilst the residuals perform no 
useful part in the operation of the system and a xe,^Jn 
fact, a measure of the failure to reach a perfecF aesign 
in the apparatus and line, having in mind other interests. 

The inductive effects of residuals ** are usually 
greater than those produced by '' balanced *’ voltages 
and currents of equal magnitude. This is due to the 
fact that the residual components in the several con¬ 
ductors are aE in phase and their inductive effects^ are 
cumulative, whilst the balanced components in the 
several conductors are out of phase. For mstance, in 
the case of a three-phase system they are out of phase 
by 120'*, and the resulting effect is materially influenced 
by the fact that the balanced components partially 
neutralize one another. In other words, the residu^ 
voltages and currents act like a single-phase circuit 
consisting of the line conductors in parallel, and an 
earth return. Inductive effects are therefore relatively 
great, as there is little neutralizing as is the case Vith 
balanced voltages and currents. 

The causes of, and remedies for, these inductive effects 
will he indicated in the sections dealing with the different 
power systems, but it will not be out of place to point 
out here the salient differences between th© two kinds 
of inductive effects. 

Residual currents and voltages act as though the 
power system were a single-phas^ system with the line • 
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conductors in paraBel, and transpositions or crosses 
in the power lines do not reduce the inductive effects, 
Wcept in so Jar as such a proceeding brings about a 
reduction in the magnitude of the residuals themselves ; 
foK instance, the line capacities may be brought into 
better balance thereby. On the other hand, transposing 
or revolving the wires forming a telephone circuit 
disturbed by such inductive effects will reduce the 
interference. 

In the case of disturbance due to balanced currents 
and voltages, transposing or revolving bo^ power 
lines and telephone wires wiU reduce the mductive 
effects 

Residual currents and voltages may be produced in 
the power system by the following conditions :— 

{a) Unbalanced capacity and leakage between the 
various conductors and earth. 

(6) ynbalanced loads between phases on a system in 
which the neutral point is earthed. 

(c) The development of the third harmonic and its 
odd multiples in generators and transformers 
on systems using star connections with the 
neutral point earthed. 

" As regards (a), it is obvious that to reduce these the 
various conductors must be arranged uniformly, relative 
to earth or other bodies. Similarly, (b) is a matter 
which can be taken care of by a proper lay-out of the 
system and its loads. 

In the case of (c), the remedy lies in the design of an 
alternator to generate voltages and currents as nearly 
as possible of sine wave-shape, and in the employment 
of transformers working with a small magnetizmg 
current and so connected that the effects of hysteresis 
and changing inductance in disturbing the wave-shape 
of current and voltage curves are minimized. These 
and other measures for reducing the troubles under 
this heading are treated fully in the section dealing 
'vntrThsrr.monics. 

It is important to note that the presence of large 
residual currents is possible only where there are 
earth connections on the power circuits, as if earth 
connections are not used the residual currents are 
limited to .leakage currents and unbalanced charging 
currents. It should here be pointed out that in this 
country one earthed connection only is allowed on 
each distinct circuit, with the exception of electric 
railways and tramway S 3 rstems using uninsulated rail 
returns, and in some special cases, such as the inter¬ 
connection of large power systems referred to later. 

T4ie inductive effects of the different types of power 
circuits as used commercially will be dealt with under 
their respective heads : Traction (Railways and Tram- 
\ifays) and Electric Light and Power, but there are 
certain common features which affect the intensity of 
disturbance and which may be summarized as follows 

Avoidance of close proximity between power wires and 
comnvunicatiori circuits. is the only sure way of 
preventing disturbance. 

The use of apparatus (rotating machinery and trans¬ 
formers) designed or worhed in such a way as to he free 
from harmonics. —The bulk of inductive interference 
-with telephones is diTe to harmonics. 


Restriction of residual voltages and currents. ^These 
are particularly difficult to lessen in the case of traction 
systems using track returns. In the case of ordinary 
power systems, they can be lessened by line baJance, 
by the avoidance of excessive magnetic density in 
transformers, by avoidance of certain transformer 
connections, and An some cases by the provision of 
supplementary devices which suppress or shcfrt-circuit 
the harmonic components. These effects are not 
reduced by transposing the power line^, except in so far 
as such transposing assists in equalizing the capacities 
of the conductors to earth. 

Transposing the power line conductors. —This will 
reduce the possibility of inductive effects due to 
balanced voltages and currents. 

Transposing the communication circuit conductors. 

This will reduce the effects of residuals .and balanced 
voltages and currents. It applies more particularly to 
telephone circuits which are, with very few exceptions, 
equipped with two conductors. Telegraph circuits, on 
the other hand, are, with few exceptions, one-con¬ 
ductor circuits with earth returns, and hence cannot 

be transposed. ..... rp.. * 

Electrical balance of communication ctrcmts. —inis is 
important. A telephone circuit with its twd conductors 
and apparatus perfectly balanced as regards series 
impedances, capacities and leakage to earth, and with 
both conductors exposed uniformly to the inductive 
effects, would be free from disturbance. Unfortunately, 
such ideal conditions cannot be obtained in practice. 
The varying weather, trees, the small boy with the 
stone, are factors which would defeat the most skilful 
balancing of the terminal apparatus, even if it were 
commerciaDy possible to provide apparatus balanced 
to fulfil laboratory requirements. Circuits in under¬ 
ground cables are, of course, not included in the above 
list of disabilities. 

Abnormal conditions on power systems. ^These may 
cause disturbance of a very serious character in neigh¬ 
bouring communication circuits, even if they are not 
of long duration. 

Noise in Telephone Circuits. 

To appreciate the effect of small currents in producing 
noise in telephone circuits, it should be borne in mind 
that a small fraction of a microwatt of power at voice 
frequencies will produce an audible sound in a telephone 
receiver. The frequencies of voice currents in a tele¬ 
phone circuit are found to vary between 100 and 4 000 
cycles per sectind. This last figure may seem a high 
one, but it should be borne in mind that we are dealing 
witlx tiie currents produced by the overtones as well 
as the fundamental pitch of the human voice (the pitch 
of male singing-voices usually falls within the frequencies 
80 to 600 per second, and of female voices between 
160 to 700 per second). The mean frequency of these 
var 5 ring currents is found to be 800 per second, which 
is the figure used for telephone transmission calcu¬ 
lations. 

- Any extraneous currents in a telephone circuit having 
frequencies within the limits mentioned will therefore 
have deleterious effects on the efficiency of a circuit, 
and this is particularly,, the case with extraneous cur- 
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rents of frequencies between 800 and 1 200 cycles per 
second. Mr. Gill in his Inaugural Address gave a 
curve illustrating the relative interfering effect of single¬ 
frequency currents in a telephone receiver. The matter 
is dealt with at length also in a paperf by H. S. Osborne. 
For reference, Mr. Gill^s curve is reproduced in Fig. 1 
of the present paper. It is based «on a number of 
observations with various listeners. It is obvious that 
j the interference effects of foreign currents are influenced 
very greatly by the frequency. The effects of an extra¬ 
neous current at a frequency of 25 cycles per second is 
about 1/1 dooth of that produced by current of the 
same strength at a frequency of 1 100 cycles per second. 
As bearing on the same point. Lord Rayleigh stated 
that the maximum sensitivity of the ear is reached at 
not less than 1 024 vibrations per second and possibly 
higher (see Philosophical Magazine, 1907, vol. 14, 
p. 602). 

Power circuits do not usually operate at a higher 
fundamental frequency thaii 60 cycles per second, and 



Fig. 1.—Relative interfering effect of single-frequency 
currents in a telephone receiver. 

there is little interference with speech from the funda¬ 
mental frequency. It is unfortunate, however, that 
there are usually present, due to various causes, har¬ 
monics on the fundamental voltage or current wave 
which are within the range of the human v<nce, and it 
is these harmonics which are the chief cause of inter¬ 
ference with telephone circuits. , 

If the current and voltage waves of power systems 
were of pure sine wave-shape there would be little or 
no disturbance of speech in neighbounng telephone 
circuits, as, apart from the less sensitivity of the ear 
mentioned above, the telephone receiver itself is not 
so responsive to these low,fundamental frequencies. 
It is possible, however, for the fundamental frequency 
to interfere with the telephone apparatus used for 
signalling, etc.*, and also with telegraph circuits. 

The effect of the higher harmonics is to produce 
noises in the telephone receiver, which, even if they do 
not prevent good speech, are always anno 3 dng. In 
oases where the amount of noise is not sufficient 1:o 

* Loe. cU, 

t " Review of Work of .Sub-Committee on Wave-Shape Standard of the 
Standards Committee," Transactions of ike Amrican Institnte of Slectrical 
Engineers, 1019, voi, 88, p. 261i • 


distract the attention of the telephone user, it may 
interfere with the effective use of the circuit Sy reducing^ 
intelligibility, and so decrease the value of the circuits^^- 

It is possible to operate a telephone circuit which 
has a good margin of speech efficiency, even though 
there may be considerable interferehce, but it will be 
realized also that with a circuit working near the limits 
of commercial speech the introcjuction of a disturbing 
effect may be sufficient to render the circuit unworkable. 

The telephone system of the British Post Offfce is 
laid out on a system of definite speech-transmission 
values, the unit fixing the values being miles of 
standard cable,'* that is equivalent audibility to that 
received over a circuit of a definite length with standard 
apparatus for transmission and reception. The standard 
cable is one having conductors of 20 lb. per mile, and 
constants of capacity, inductance, etc., which need not 
be gone into here. Suffice it to say that measurements 
of audibility are made in terms of standard miles in 
the same way that pounds and yards are used for 
measurements of weight and distance. The allowances 
for audibility vary with the type of service given. 
Local service should not exceed 30 m.s.c. (miles of 
standard cable), whilst the general standard for long¬ 
distance communication between Great Britain ancf 
Ireland aims at a transmission audibility not exceeding 
36 m.s.c. between any two subscribers. It should 
perhaps be observed that the greater the number of 
m.s.c., the less is the audibility; further, that although 

35 m.s.c. is regarded as the standard of good commercial 
speech, expert telephone users can receive with much 
higher figures. It will be seen, therefore, that speech 
values are the basis on which line plant is provided. 
The saving of an additional mile of standard cable 
may involve very great cost, and similarly the addition 
of interfering noise reducing audibility may be repre¬ 
sented by monetary loss. As an example, on a -BOO-lb. 
aerial trunk circuit 200 miles long, the loss of one milfe 
of standard cable reduces the circuit to that of a^OO-lb. 
circuit, and if a 400-lb. circuit would suffice, then 

36 tons of copper would be saved. 

The amount of noise that can be tolerated on a 
telephone circuit without undue interference with 
speech has not been specially investigated by the 
Post Office. In one or two cases of interference, 
measurements have been made of the amount of loss 
in miles of standard cable introduced by the inductive 
effects; this method involves comparative audibility 
measurements being made with the power circuit in 
operation and when shut down, but the arrangement 
is not satisfactory unless the interfering noise is cbn- ’ 
siderable. 

Two other methods, more suitable for general applica¬ 
tion, are, however, under investigation. 

The apparatus for the first (see Fig. 2) consists of* an 
alternator giving a sine-wave of known frequency and 
output, and of means for listening to the sound produced 
by known fractions of this. This known sound is 
balanced against the induction which it is desired to' 
measure, by the two being rapidly interchanged by 
means of a commutator, the whole arrangement forming 
a kind of ** flicker sound meter. A similar kind of 
arrangement, using relays to change over, has been 
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used in America for comparing pure sounds of ^ffer^t 
pitch. A commutator has the advantage th^ the 
Speed of change-over and duration of the different 
times of contact are more definite and can be easily 
reproduced. Precautions must be taken to screen the 
various parts of th^^ apparatus against spunous mduc- 


amplifier the induction up to any convenient value 
in a circuit containing a potentiometer, the current 
in which can be measured on any suitable a.c. milliam- 
meter. The line induction is then compared directly 
with a fraction of the amplified current and can hence 
be given as a voltage. A great disadvantage of this 



and the impedance of the receiver used must be 
of such a high value as not to upset the line or dis¬ 
turbance under investigation. It is advisable to make 
tests with two different receivers, one being non-resonant 
and giving the absolute disturbance, and the other of 



Fig. 3.—^Noise-standard circuit for evaluating noise in terms 
of noise units. 

normal type with a resonance point round about 1 000, 
which swill give a measure of the effect that may be 
expected on a subscriber’s instrument. This method 
enables the induction of practically any character of 
audible frequency to be directly compared with a 
standard, though arbitrary, sound, and hence a com¬ 
parison may be made of the induction found at different 
times, in different places and of different character. 

The second methed consists in magnifying by an 


method is that it is difidcult to ensure that the current 
measured is due only to that producing audible induc¬ 
tion. The use of " up " and " down " filters is necessary 
to cut out all but tlie audible range, and this involves 
complication. The voltage values obtained 
from different inductions will not be a definite measure 
of their relative powers of causing disturbance unless 
they are caused by currents of the same frequency and 
wave-form. 

In America a standard noise-measuring circuit has 
been devised, and the arrangement is illustrated in 
Fig. 3. The method involves the comparison with a 
standard noise of the induced current in the telephone 
receiver, the magnitude of the standard noise being 
changed until the two noises, standard and induced, are 
judged by the observer to have the same detrimental 
effect bn a telephone conversation. The generator which 
produces the standard noise is connected to a shunt 
box by means of which various amounts of standard 
current are shunted through a telephone receiver. 
The telephone receiver is connected alternately by 
means of a mercury switch to the standard noise shunt 
and to the line under test, and the magnitude of the 
standard noisO is adjusted by means of the shunt until 
the point of equality is found. 

The standard-noise generator is an electric generator 
of the inductor type, composed of a disc of non-magnetic 
material in whfch are inserted a number of soft iron 
pole-pieces and which revolves between the poles of a 
permanent magnet. Coils are wound oft the poles of 
the magnet and, as the disc revolves, an alternating 
current is induced in the winding by the pulsations of 
the magnetism caused by the motion of the soft iron 
pfi^e-pieces under the permanent magnet. The voltage 
of th^ generator and the resistance of the shunt are 
so adjusted that when the generator is operated at 
240 cycles the calibrations on the shunt give directly 
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the effective value of the current through the telephone 
receiver in micro-amperes. In the standard apparatus 
this shunt is provided with steps up to 150 jitA. It is 
stated that this amount is not suf&cient in certain 
cases, and that as the variations in quality and pitch 
of the interfering note differ considerably from that of 
the standard, it is somewhat a matter of individual 
judgmeht as to the valuation of the standard noise, 
and the method cannot hope to be precise. Men who 
are accustomed* to measuring noise, however, usu^y 
agree as to magnitude. It is this difficulty which it 
is hoped to avoid in the apparatus now under investiga¬ 
tion. The author does not know the number of noise 
units which is considered unobjectionable in America, 
although it has there been suggested as a basis that, 
as regards important circuits of such length that the 
speech margin is small, the extraneously induced current 
in the telephone circuit should not exceed in noise- 
producing value the effect of 10 [lA at a frequency of 


a multiple of the fundamental frequency and are c^led 
harmonics. Similar components are often found in 
direct-current systems, and it is usual refer to these 
also as harmonics. Harmonics perform no useful 
purpose in the operation of the power system and inay> 
in fact, in certain circumstances have deleterious 
effects. Generally it can be taken that their removal 
is advisable in the interests of the power undertaking, 
apart from the efiects that th^y produce by disturbing 
telephone circuits. 

Harmonic currents and voltages are produced in 
various ways, and a brief account is given below of 
their principal causes and some known remedies. The 
author does not profess to cover the whole ground and 
must refer those who are more deeply interested to the 
fuller treatment given in many standard textbooks and 
papers, some of which are referred to in the bibliography. 

In alternating-current systems the principal har¬ 
monics in generators are due either to slots or to the 



240 cycles per second. On unimportant circuits and 
where there is a surplus of volume of transmission, as 
on short-distance circuits, current somewhat in excess 
of the above limit could be allowed. These proposals 
do not appear to have been agreed as acceptable, 
however, to the two interests concerned. • 

There are difficulties in the way of fixing a maxi¬ 
mum allowable noise. Any public telephone circuit in 
this country is likely to be joined through to any other, 
wherever situated, and should it happen that the various 
circuits in the series making up the completed connec¬ 
tion—^local, junction, andtfunks—^has^eachits maximum 
noise, the cumulative effect might be disastrous. Each 
circuit tak^ alone might be tolerable, but in combina¬ 
tion is unfit for public service. 

Harmonics. 

It is generally found , in power systems that Jigh- 
frequency components^ are present in the cu^ent and 
voltage waves. ^ In the case of alternating-current 
systems these high-frequeuecomponents are usually 


shape of the magnetic flux curve, and in the case of 
transformers to the relationship between the flux and 
the magnetizing current. 

Slot harmonics are produced by practically all Igene- 
rators and motors and are the most frequent cause 
of disturbance in telephone systems. The conductors 
on the armatures of generators and motors are 
placed in slots on the surface of what is practically 
a revolving cylinder, the projections between the 
slots being known as teeth. It is the breaks in the 
surface of the iron at the slots which are the fundamental 
cause of the harmonics. In all types of generators ^d 
motors the greater part of the magnetic flux from the 
field poles to the armature wiU pass through Jhe teeth, 
as there is a smaller air-gap at those points. The 
amount of the flux entering or leaving the teeth may 
be taken as being proportional to the toothed surface 
affected by any particular pole, and as the armature 
revolves there will be a corresponding change in the 
strength and in the position of the flux in the air-gap. 
This is illustrated in Fig. 4, which, in an exaggerated 
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forixv for illustrative purposes, shows how the total 
flux will vary in the case of two teeth when passing 
tlJ^ough a distaitce equal to the pitch of a slot, i.e. the 
distance between the centres of two adjacent slots. 
It 'v^ll be seen from this tha'^ the strength of the flux 
passing from pole tcf armature will vary in a periodic 
manner, depending upon the time taken by the armature 
in moving through one sjpt-pitch, as the armature will 


particular tooth as it passes into or out of the influence 
of the pole. Further improvements may be introduced 
by skewing the pole-tips so that the teeth come gradually 
into or out of the influence of the pole. This is usually 
effected by cutting the pole-tips diagonally (see Fig. 6). 

Harmonics are not so prominent if large air-gaps are 
used or if the slots <are nearly closed. Harmonics are 
also reduced by making fractional the number of slots 


Table 1. 


Slots per 
pole 

Order of hermonic 

Frequency 


25 Cycles 

40 Cycles 

50 C 

ycles 

60 C 

ycles 

6 

11 

13 

275 

325 

440 


660 

650 

660 

780 

9 . 

17 

19 

425 

476 


■an 


950 

1020 


12 

23 

25 

575 

626 


1000 



1 380 


15 

29 

31 

726 

775 


1240 


1660 

1470 


18 

36 

37 

876 

925 

1 400 

1480 

1 750 

1 850 

2 100 

2 220 

21 

41 

43 

1025 

1076 

1 640 

1720 

2 050 

2 160 

2 460 

2 580 

24 

* 

47 

49 

1 176 

1226 

1 880 

1 960 

2 350, 

2 450 

2 820 

2 940 


again be in position 1 after passing through another 
quarter of a slot-pitch beyond that shown in position 4. 
In other words, there is a periodic change in the total 
number of lines of force, and the point of maximum 
density moves backwards and forwards relative to the 
centre of the pole. The frequency of the change will, 
in effect, equal the number of teeth passing any given 
point in a second. 

If N be the number of armature teeth per pole, S the 
number of poles, and B the number of revolutions 
per minute of the armature, then F, the frequency of 
the rippl^=s N X S X JB/60. Now the fundamental fre- 
quSfcy, jP, of a machine is equal to {B X /S)/{60 X 2), 
and from this it is evident that F = 2NP, i.e. (the 
number of teeth per pair of poles) x (frequency of the 
current). As, however, the amplitude of the ripple is 
not constant, it cannot be truly represented as a single 
harmonic of the fundamental in that way. 

The correct representation is the sum of two waves 
of frequency, viz. P{2N + 1) and P{2N — 1). In 
practice, the resulting ripple has a frequency F = 2NP, 
or T X JR/60, where T represents the total number of 
teeth on the armature. 

These slot ripples are usually of such frequency as to 
be specially objectionable to telephone circuits, as they 
fall within the speech frequencies. Table 1 shows the 
ripples at the frequencies in common use and with 
different numbers of slots per pole. 

Thef reduction of these slot harmonics may be accom¬ 
plished i» several ways, but it is of course preferable 
to take them into account when a machine is designed, 
so that they may be restricted to a negligible quantity. 
The main consideration is to avoid variations in the 
' macrnetic field in the air-gaps, and conditions may be 
'd by arranging for the gradual increase in the 
:owards the tips of the pole. There will then 
’•ftsponding grsedual change in the flux in any 


per phase per pole, i.e. by arranging that the number 
of slots per phase is not a multiple of the number of 
poles. With those conditions, the position of the slots 
and teeth under one pole will be reversed under another 
pole, and in that case the slot harmonic voltages in the 
conductors are out of phase under the two poles and tend 
to neutralize each other. 



Fig. 6. 

Harmonics due to flux .—In order to produce in the 
armature conductdrs an E.hf.F. of sine wave-shape, it 
is necessary that the flux density should have a similar 
wave-shape, because as the conductors mov^ at uniform 
speed the E.M.F. produced has the same wave-shape 
as the distribution bf flux. It is possible to design 
machines with flux distribution at the poles approaching 
a sii^ wave-shape. This can be done in salient-pole 
machine% by gradually increasing the air-gap from the 
centre to the tips. In non-salient-pole machines (in 
which the field is develqped in. an iron cylinder by 
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field windings placed in slots cut in the surface) it is 
possible so to distribute the field windings as to vary 
the strength of field to produce a flux corresponding 
approximately to a sine curve in shape. Fig. 6 illus¬ 
trates the two types of pole and the shape of the flux 
distribution. In actual practice the method, of dis¬ 
tributing the conductcys in the armature results in 
higher harmonics due to the flux density being neutra¬ 
lized to a great extent. If only one slot be taken for 
the armature conductor per phase, then the E.M.F. of 
the machine will have the characteristic of that con¬ 
ductor. The armature conductors per phase do not, 
however, occupy one slot only but are so arranged that 
the phase windings take up several adjacent slots. 
The result is that although the wave-shape of E.M.F. 
in each conductor is influenced in the same way by the 
distribution of the flux, the harmonics in the diflerent 
conductors are not in phase and tend to neutralize 
one another. This is particularly the case with the 
higher harmonics. 


" 406. The deviation of wave-form from th sinu¬ 
soidal is determined by superimposing upon 
the actual wave (as determSned by oscillo¬ 
graph) the equivalent .sine wave of* equal 
length in such^a manner as to give the Ifast 
diflerence between otdinates, and then 
dividing the maximum difference between 
corresponding ordipates by the maximum 
value of the equivalent sine wave. A 
maximum deviation of the terminal voltage 
wave on open circuit from sinusoidal shape 
not exceeding 10 per cent is permissible 
except when otherwise specified.** 

The Sub-Committee on wave-shape standards of the 
Standards Committee of the American Institute have 
done a great deal of work in investigating the question. 
Both the British Committee and the American Com¬ 
mittee had before them the evidence that harmonics 
between certain frequencies are particularly harmful 


SdHe/it-po/e mdcAm Sd/Mpo/e mdcAme mU J\lo/i'Sdlfentpoie 

with liw/Am d/r-sdp shdpecfpo/es to sivesm f/itx mye mdchifte 



♦ Fig, 6.—Flux distribution with different field poles. 


The B.E.S.A. Standardization Committee on the 
wave-shape of alternators Jiave considered that subject 
with reference, among other things, to the effects of 
irregularities in producing interference with telephone 
circuits. The present standard reads as follows, but 
the author understands that it is now being reconsidered 
and is in fact in the melting-pot:— 

Wave-form of aliernator,—Th& wave-form of in 
alternator on open circuit must approximate to a sine 
wave. In cases where wave-form is stated to be of 
importance at the time of ordering the machine, the 
maximum deviation of the actual wave from the 
equivalent sine wave when superimposed on it so as 
to give the least difference shall not ^ceed 10 per cent 
of the maximum ordinate of the sine wave; the 
equivalent sine wave being one having the same R.M.S. 
(root-mean-square) value and the same wave-length. 

The Standardization Rules of the American Institute 
of Electrical Engineers on tins matter read as follows :— 
405. The sine wave shall be considered as standard, 
except where deviation therefrom is inherent 
in the; operation of the system of which the 
machine forms pa^t. 


so far as inductive interference is concerned. As a 
result of the Aiperican Committee's investigations, a 
telephone interference-factor meter has been devised 
which gives a direct reading showing how the wave¬ 
shape is loaded in this respect.* 

The sensitiveness of the telephone receiver to the’ 
same current at different frequencies has been deter¬ 
mined by observation. By multiplying each sensitive¬ 
ness by frequency, a curve is obtained which shows the 
relative amount of sound interference caused by unit 
voltage of different frequencies in the power circuit, 
(It is of interest to note that Osborne states in his paper 
that ** from the curve it is estimated that at 1 000 cycles 
the interference per volt is approximately 9 000 tirges 
that at 60 cycles, and 60 000 times that at 25 cyoies.**) 
The actual testing apparatus is based on the assumption 
that the interference effects of several harmonics can 
be obtained by taking the square root of the sum of 
the squares of the separate interfering effects. The 
testing circuit contains a filter network which gives 
readings according to the frequencies of the harmonics 

* H. S. Osborne: Tfansactions of the American InsiiivU of EUdrical 
Ensincers, 1919, vol. 38, p. 261» • 
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present. It is stated in the same paper that approxi¬ 
mate analyses of a number of cases show very clearly 
that, in general,^he machines with high telephone inter¬ 
ference* factors are machines with large slot harmonics. 
It i$i believed to be the interaction of both Committees 
to penalize wave-sha{)es which contain the frequencies 
mostly afiecting telephones. 

It should not be overlooked, however, that the third 
harmonic, although not in the range, is one very likely 
to cause disturbance to telegraphs. If a three-phase 
generator with earthed neutral point is feeding dkectly 
into a power line, i.e. one in which the voltage is not 
stepped up, it is nearly always the case that, as the 


conductors or load. Fig. 8 illustrates the conditions. 
If there is only the one earthed connection on the 
system the efiect could be considered as a voltage effect 
only, except that a charging current alternates between 
the neutral point through the winding of the machine 
and through the capacity of the lines to earth. If the 
system is extensive «this charging current may be very 
considerable, it being understood to be as much as 
90 amperes in some cases in this countrjr. 

It should be pointed out that in addition to the third 
harmonic, odd multiples of the third may appear and act 
in the same way. 

Two different methods of overcoming this trouble at 



Pig. 7 ._^Resultant wave-shapes of fundamental and third harmonics. 



Fig. 8.—^Fundamental waves and third harmonic in a three-phase system. 


harmonics are in phase,, a pronounced third harmonic 
shows itself as a heavy charging current oscillating 
between the earth connection and the three lines in 
parallel. 

The effect of the third harmonic in distorting the 
wwe-shape is dealt with in many textbooks and it 
may Ibe considered superffuous to deal with it in detail 
here, hurt it has such an important bearing on inter¬ 
ference from three-phase systems that the author would 
like to touch briefly upon it. Fig. 7 shows the three ways 
in which the fundamental and the third harmonic can 
" combined, producing different resultant wave-shapes, 
^ach case, however, the third harmonic is in phase, 
.s it completes one period in 120 degrees of the 
nental it does •not appear between the three 


the source have been suggested and, the author believes, 
have been successfully used on a small scale. The 
ffrst was described by Prof. E. Marchant and 
T. H. Turney in a paper read before the British Asso¬ 
ciation at Liverpool in September 1923. This method 
depends upon the* placing of resonant shunts across the 
phases, the shunts being tuned to the harmonic that 
it is desired to suppress in the phase. Fig. 9 is taken 
from the paper. 

The other method appears to have been applied by the 
British Thomson-Houston Co. to a machine causing 
trowble to telephone circuits and to lamps, and was 
described in correspondence in the Electrician and 
Electrical Review of the 2nd November, 1923, following 
on the published description of their device by Prof. 
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Marchant and Mr. Turney. This method is shown 
diagrammatically in Fig. 10 and depends for its 
effectiveness on the use of filters tuned to reject the 
frequency current which it is desired to suppress. This 
method has been employed in wireless reception for 
some years and is usually referred to as a ** rejector 
or stopper circuity 

In feoth cases the inductance and capacity are such 
as to produce^ resonance at the particular frequency. 
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Fig, 9.—Resonant regulating shunts used with a three-phase 
machine. 


> but in the one application they are in series and so 
placed as to shunt the harmonic, whilst in the other 
they ar^ in parallel and so placed as to prevent the 
circulation by producing a path of very high impedance 
to that frequency current. 

Transformer harmonics .—^With a transformer having 
an air core the flux and current have the same wave- 



Fig. 10 —Stopper circuit used with a three-phase machine. 

* « 

shape, but that does not hold good where the core is 
of iron, -^hich is usually the case in power systems. 
The relationship between flux and magnetizing current 
is H^IL, where H is the magnetizing flux, I the 
magnetizing current, and L the inductance. If X is 
constant for all values of current, the flux a»d the 
current will have thev same wave-shape. 

In the case ,of iron-core transformers, owing to the 
var 5 dng permeability, the jpductance does not remain 


constant at all values of the magnetizing currenti^ strxd 
the consequence is that the flux and the current ca.rxi:xot 
have the same wave-shape because ^e relation JEt/j 
must vary as direct changes. Further, if thp nsnal 
hysteresis curve for iroq^ is studied, it will be seeri^ “tliat 
the flux is not proportionate to the current, there losing 
a greater rate of increase at small current values -tixan 
at large. Similarly, when ^urrent is decreasing-, 



Fig. 11.—Density of field affected by damper bars. 

flux is greater and changes at a slower rate than Virlien 
the current is increasing. 

The counter E.M.F. in a transformer has the s^tm 
relative E.M.F. as the primary voltage at any ins-ta-nt 
of time, so that if the primary voltage is a sine wstve, 
the counter E.M.F. and also the flux will be a. sine 
wave; the current, however, will have some other slxstpe 
and will contain harmonics. On the other hand, if -fclie 
primary current is a sine wave the flux will not l>o a 
sine wave, and this will result in the counter E.IVX.F. 
not being a sine "wave. In both cases the third. a.iid 
fifth harmonics are likely to be prominent. 

As in the case of three-phase generators, the pres^nc 
of the third-harmonic components or multiples thereof 
may be the cause of residual voltages and currents in 



Fig 12.—^Method of reducing ripples by shifting altemat 
poles half a slot-pitch. 


the power line. The harmful effects can be fiiciociified 
and reduced by the type of connection used orx the 
transformer and by limiting the exciting cux-rent. 
Star-connected banks with the neutral point ea^rtiaed 
will result in voltage harmonics Of three times “^e 
fundamental firequency and its odd multiples app^^-^^^S 
between the lines and the neutral point, as the tnriple 
harmonics are in phase. If one side of the transf orxa r 
is delta-donnected, this provides a shunt path foar th® 
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tripleisjiarmonic exciting current, and these harmonics 
reduce the residuals on the earthed star-connected side. 
The provision of tertiary delta winding on a star-star 
connected bank of transformers will act in the same 
way. ^ The general effects of the different combinations 
and connections are referred to later in the section 
dealing with electric light and power systems. 

The magnetic density at wliich liansformers are 
worked is a most important feature in the production 
of harmonics, as if the exciting current is large the 
effect is to develop large higher harmonics, i.e. to 
produce a flat wave. The reduction in the maximum 
magnetic density can be accomplished by lowering the 
impressed voltage per turn. Attention can perhaps be 
drawn here to the Californian Commission's General 
Order No. 62 on this point, which reads : '' Transformer 
connections. In order that the wave shape of voltage 


papers, references to which are given in the bibliography, 
and the author is conscious that his description of the 
phenomena must accordingly appear sketchy. 

Harmonics in direct-current systems ,—As previously 
stated, harmonics are found in direct-current as well 
as in alternating-current systems. In the case of 
direct current, the ripples are usually slot harmonics 
and are produced in the same way as in alternating- 
current generators. There is, however, the difference 
that the slot harmonic in the case of direct current is 
not the combination of two harmonics. The amplitude 
of the harmonic is constant and its frequency is equal 
to the number of slots which pass a given point per 
second, e.g. in the case of an armature with 120 slots 
and running at 600 revolutions per minute the frequency 
of a slot harmonic will be 120 X 600/60 == 1 000. 

Harmonics or ripples may be caused also by com- 




WAVE 



zooo 

^000 


Yo/ts 

6000 

^000 

2000 


ZOOO 

^000 

6000 


Yo/ts 

6000 - 

i'OOO 

ZOOQ- 

t 




rum- 

ALTEMATOE 

5-mSE 

dOdOY 

ROTAnr 

C0/fVEnT£/i 

W/TH 

mmi/NC£D 

D.C.mPLE 

REMARKS 

f 

50^ 

Two other rotdri/ 
conyerters free 
from r/jopk waye, 
—rmni/yg 

/ooo/(fr 

Mwnms 

\ 

/fttm'/ts 

//gAt 

Mto 

S 

1 

On tmetton 

• SOOimfiS 

Ditto 


Fig. 13 (a ),—Oscillograms showing reactive effect on a.c. wave (three-phase, higlT-tension) by rotary-converter d.c. ripples. 


and current may be distorted as little as possible by 
•transformers, all connections on Class PI power circuits 
shall have an exciting current as low as is consistent 
with good practice, which current shall not at rated 
voltage exceed .10 per cent of the full current. Except 
that for transformers without neutral ground connec¬ 
tions oa the line side, the exciting current at rated 
voltage need not be less than 0-2 ampere." 

Class H power circuits are those having 6 000 volts 
or w^te between any two conductors, or 2 900 volts 
or moref between any conductor and earth. 

Core-typ® transformers are to be preferred to shell- 
type and single-phase units, as in the former the triple- 
harmonic exciting currents are to a certain extent 
suppressed by the mutual interaction of the cores, and 
the construction is such that the triple-frequency flux 
component has a very high resistance, the path being 
partly through the air or oil in the transformer. 

The subject has formed^the matter of many'valuable 


mutation, i.e. by changes in the current as the segments 
pass under the brush. The frequency of the ripple will 
be ecj^ual to the number of segments which pass a brush 
per second. 

Rotary converters ,—Of recent years a great deal of 
trouble has been •caused by harmonics produced by 
rotary converters, as they are now commonly used for 
supplying direct current to traction systems where the 
power system is usually unb^alanced and where the 
residual voltages ancl currents are considerable. As is 
well ImoTO, in this type of machine alternating current 
is collected by slip-rings on one side of the''armature 
and taken to the commutator on the other side of the 
armature, where it is collected from the brushes as 
direct current. Slot harmonics are produced in the 
way already described, and in modern machines these 
have beend^ound to be very distunbing to neighbouring 
telephone circuits. The speed of machines is usually 
such as to produce harnupnic frequencies likely to 
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disturb speech. It has also been found that the slot 
liarmonics may be greatly accentuated by the arrange- 
xxient of the damper bars in the pole-shoes. The 
XXumber of these bars varies in different makes of machine, 
send in certain types where severe interference has 
occurred the distance between the damper bars has been 
found to be equal to the pitch of tjie slots (see Fig. 11). 
It is thought that the damper bars cause changes in 
■fche density of the flux or tufting of the field in their 
xxeighbourhoocT, and, as the pitch or distance between 



Fig. 13 (&).—Oscillograms showing d.c. ripples on qjh«^^ 
rotary converters in same station. 


file slots is equal to the distance between the tufts, 
irliere is simultaneous cutting of the denser parts of 
izhe field by all the conductors of the armature and 
■the amplitude of the harmonic is consequently increased. 
One of the remedies is to shift altdhiate pole-shoes or 
I>oles half a slot-pitch, or each pole-shoe or pole a 
< 3 [uarter of a slot-pitch, one in one direction and the next 
ill the opposite direction. In either case there •wiU 
then be alternate short and long gaps between adjacent 
;p ole-shoes, and, as the conductors will not be affected 
simultaneously by the tufts, the harmonics will out 
of phase and the ripple wiU be largely -wipe^ out (see 
OFig, 12). , 

It may be of interest to show here the improve¬ 


ments effected by alterations to machines whicl;^ had 
been found to offend in this respect, in this case 
by altering the spacing between ^ole-shoes. The 
interference was caused by a -tramway system, the 
direct current for which was obtained from rotary 
converters run from a three-phase 3 000-volt 60-period 
supply. There were three rotary converters, two by the 
same maker and of 600 kW and 300 kW respectively, 
and the third, by another maker, of 1 000 kW. The 
disturbance was found to be due to the latter machine 
only. Oscillograph records were taken and it was seen 
that there were ripples superposed upon the direct 
current. These ripples were of two frequencies, 1 200 
and 300 per second, and of 30 and 40 volts R.M.S.; 
the 1 200-frequency ripple caused serious interference 
with the telephone service. Among other things the 
oscillograms showed that the main a.c, wave was free 
from objectionable ripples except when the 1 000 kW 
rotary converter was in use, indicating that ■ihe ripple 
originated with the converter and reacted on the 
a.c. side. Figs. 13 (a), (&), (c) and (d) are copies of 
selected osciUograms taken before the machine was 
altered, foUowed by similar ones taken after the altera¬ 
tions to the machine. The alterations had the effect 
of reducing the value of the ripples to about 6 volts 
R.M.Si, the frequency being increased to over 2 000 per 
second and the result being that the interference was 
rendered inappreciable. 

Similar improvements have been effected in other 
towns and it should be observed that this trouble has 
not been confined to one make of machine. In one 
instance where the trouble was thought to be rmin- 
fluenced by the spacing of the damper bars it was found 
that to shift alternate pole-shoes was more effective 
than to skew the pole-tips. 

The oscillograms reproduced in Fig. 14 are of interest 
as showing the results when machines of the same t 3 ^e 
are worked in parallel, some having been altered and 
the others unaltered. In the figure, converters 1 4 

have been altered by shifting the poles, 2 and 3 being 
ais originally designed. It will be seen that the un¬ 
altered machines dominate the effects and that there 
is a marked change when the altered machines are run 
singly and in parallel. 

M. B. Field in a paper on " The Study of Phenomena 
of Resonance in Electric Circuits by the aid of Oscilld- 
grams," read before the Institution in 1903,* showed 
that in the cases he was investigating the ripples 
originated in the generator, i.e. the high-pressure a.c, 
side, and not in the rotary converter. This does not 
appear to be the case in most instances, but it ■was 
definitely proved in one investigation by the Post Office 
that the sixth harmonic, which was present with the 
converter worldng normally, disappeared when ^ the 
machine was driven from the starting motor, This is 
shown in the oscillograms in Fig. 16. « 

The subject of harmonics or ripples in rotary con¬ 
verters is very fully dealt ■with in F. P, Whittaker's 
paper on Rotary Converters, with special reference to 
Railway Electrification," read before the Institution 
in 1922.t The paper is particularly interesting as 

♦ joumed 1903, vol. 32, p. 347. 

t im., 1022, vol. 00, p. «)1. 
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shoTijing that in certain cases the sixth harmonic may 
originate in the supply side of the system. 

It appears that this may be due to the presence of 
the fifth and seventh harmonics in the a.c. supply for 
the following reason : If the converter is worked with 
six ^ases, then the third harmonic on the supply side 
will^have no effect; but if there is a fifth harmonic 


to the d.c. brushes, and therefore it induces at the 
d.c. brushes an E.M.F. of sixth frequency. 

The seventh harmonic, however, rotates in the same 
direction as the fundamental and also therefore produces 
a sixth harmonic at the brushes. Similarly the 11th 
and 13th harmonics produce the 12th harmonic. 

Mercury-arc rectifiers—The ^ mercury-arc rectifier 
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present tlds will flow, as the transformer and converter 
form a closed circuit. These currents will then form a 
rotating field of five times the normal synchronous 
speed relative to the armature, the rotation, however, 
being in an opposite direction. Since the rotating field 
of the fifth frequency rotates with five times the normal 
synchronous speed relatively to the armature, it must 
rotate with six times tfie synchronous speed relatively 


appears to have entered the field as a serious rival to 
the rotary converter for the conversion of alternating 
into direct current. There is therefore a piquant 
interest in any information which will compare the 
two in the matter of inductive effects. The author 
does notiknow any cases where the rectifier is being 
used for traction work which would be a severe test 
ia this respect, but there^^are many places where it is 
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used for lighting, etc. One would expect rectifiers of 
this character to produce harmonics, and this has proved 
to be the case. Telephone interference has been caused 
and the author is fortunate in having had placed at his 
disposal an account of the successful methods adopted 
to overcome the trouble. Prof. E. W. Marchant was 
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called in to advise on the case in question, and his 
description of the steps taken is given in an appendix. 


Transpositions. 

The voltages produced in a telephone circuiy: by the 
electric and magnetic fields may be separated into two 
effects, usually referred to as Ijansverse and longitudinal 


induction. The transverse induction is that produced 
between the two sides of the circuit, whilst the longi¬ 
tudinal induction is that produced between the two 
sides of the circuit and earth, or along the chreuit. 
The induced voltages due to the former effect ^dll 
cause currents to circulate through the termmal 
apparatus, whilst the latter may result in currents 
through the apparatus if there is a difference in the 
impedances and capacities to* earth of the two sides 
of the circuit. 

The author may perhaps be pardoned for indicating 
in its simplest form the effects of the electric and 
magnetic fields on a neighbouring telephone circuit, and 
the benefits to be obtained by transposing the latter. 
The simultaneous occurrence of electric and magnetic 
induction is the normal result of the proximity of power 
lines and communication circuits. Fig. 16 shows a 
non-transposed telephone circuit and a disturbing power 
line. The effect of one wire only of a power circuit 
is considered. The (a) wire of the telephone circuit, 
being nearer than the (6) wire, has a higher induced 
potential due to the electric field and at the same time 
a larger E.M.F. from the magnetic field. Assuming 
that the potential of the wire of the disturbing circuit 
is increasing in the positive sense as shown, and “yie 
current increasing in the direction shown by the arrows, 
then the illustration indicates what is occurring at that 
time. The telephone receiver at B will be more disturbed 
than that at A. 

If now a transposition is made in the telephone 
circuit at the right point the magnetic effect at the 
terminals can be eliminated, as shown in the figure. 
On the other hand, however, the electric field effects 
are not so completely neutralized. There are four 
points at which a current divides and flows in opposite 
directions, i.e. 1, 2, 3 and 4, Single transpositions are 
of course not effective with long exposures, and 
theoretically the result of electric induction*could be 
eliminated only by an infinite number of transpositiCTS. 

It should be observed, too, that the actual induced 
voltage on the wires due to the electric field, i.e. the 
longitudinal voltage, is not reduced by the transpositions, 
although the effect of that voltage on the apparatus 
may be neutralized with the lines in good condition. 
Further, it is extremely difficult, and sometimes impos¬ 
sible, to secure such an accurate electrical balaiice td 
earth of the two sides of a complete telephone circuit 
as to reduce the disturbance of its electrical field to a 
sufflciently low figure for satisfactory working. The 
use of the earth for signalling purposes is an essential 
feature of modem telephone practice, and altjiough 
relays and retardation coils are tested for balance, 
which ensures that they will be unaffected by neigh¬ 
bouring telegraph and telephone circuits, this mayjiot 
be the case in the very much stronger fields produced 
by power circuits. To enable this part of thf problem 
to be visualized. Fig. 17 has been prepared, which 
shows in skeleton form the principal types of standard 
circuit with speaking conditions. For the sake of simpli¬ 
fication, the subsidiary apparatus for signalling and 
clearing has been omitted from the diagram. 

The transposition in the positions of wires forming 
the circuits of telephone and po| 7 er circuits, where these 
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circuits run parallel, is a most important method for 
reducing inductive interference. The object of trans¬ 
positions in a communication circuit is to equalize the 
electrical effect of near-by influences so that the wires 
are similarly affected in a given length. The trans¬ 
position of power wiyes will produce neutralizing effects 
in the telephone circuits due to balanced voltages and 
currents, whilst to tran^ose the telephone wires tends 

Note:- 


and a very good balance of the telephone circuit is 
required for satisfactory working. 

Two methods of transposition are employed in this 
country. The older system is Icnown as the ''twist/' 
in which four wires (two circuits) are taken ,as a unit 
and occupy at the insulators the four comers of a 
square, the diagoi^als comprising a circuit. At suc¬ 
cessive poles each wire changes its position to the next 
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to ^jqualize the inductive effects in the two sides of the 
circuit, whatever may be the cause of such effects. 

It has Joeea the practice of the Post Office for many 
years to transpose tdephone wires in order to prevent 
disturbance from telegraph circuits and cross-talk 
between the telephone circuits themselves. The induc¬ 
tive effects produced by a single-wire telegraph circuit 
on a telephone circuit carried on the same pole line 
may be considerable, as the length of parallelism may 
be great and the separating distance as low as 12 inches. 


corner of the squsOre and thus in four spans completes 
a spiral, the twist being right-handed (Fig, 18). The 
other system is that employed in America for many 
years by the American Telegraph and Telephone 
Company, in which the wires are run straight for a 
certain number of spans and their position is changed 
at definite points. The wires comprising the circuit in 
this S 3 rsl^m are erected on the s^me arm, and the trans¬ 
position points varj^ according to the position of the 
arm and of the wires on^the arm. There are several 
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variations of the system and it would occupy too much 
spacejto go into them in detail her , as they are all 
more or less complicated. Both the twist system 


American system adopted by the Post Office is ba^ed 
on a unit length of 8 miles. Fig. 19 shows the type of 
transmission scheme and is self-explana^ry. 
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and the latter transposition system are equally efficacious 
in preventing inductive effects and cross-talk from 
neighbouring telegraph and telephone circuits. The 
VOL. 62. 


As pointed out previously, the transposition of power 
wires will npt reduce the effects of residual voltages 
and currents except in so far a%it effects an improve- 

59 
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Ine^at by balancing the capacities to earth of the several 
conductors. The transposition of power conductors 
will, however, ^reduce the effects of balanced voltages 
and currents by producing mutually neutralizing effects 
in neighbouring communication wires. Power wires on 
traction systems cannot, of course, be transposed. In 
the usual case it is a three-phase three-wire extra-high- 
pressure line, as there ^is little single-phase overhead 
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work. The section of the power circuit in which each 
conductor occupies each of the conductor positions for 
equal distances is usually defined as a " barrel.'’ Fig. 20 
shows a<rco-ordinated scheme where a three-phase and 
a single-phase line run parallel with a telephone line. 

The Californian Commission’s report limits the 
maximum length of barrel in the case of a single-circuit 
three-phase line to 12 miles for circuits of triangular 
configuration, and to 6 miles for other forms. Single¬ 
phase ahd two-phase circuits have to be transposed at 
intervals not exceeding 4 miles. 


Parallelism. 

It is obvious that one of the most important factors 
in preventing and minimizing inductive interference is to 
avoid conditions where power lines and communication 
circuits will run parallel to each other. It should be 
an axiom that where parallelism cannot be avoided 
the greatest possible separating distance should be 
provided. This is important not only in connection 
with inductive effects resulting from the normal working 
of the power line, which may be small if proper pre¬ 
cautions are taken, but because it is impossible to 
guarantee that some abnormal occurrence on the power 
system may not by its unbalancing effects cause serious 
disturbance. One naturally asks what are the per¬ 
missible conditions, and one seeks for a simple rule 
which will apportion due weight to the factors and give 
a safe answer. Unfortunately, these factors are very 
complicated, involving, as they do, not only such simple 
matters as separating distance, lengths of exposure," 
normal voltages and currenlis and frequencies, but also 
wave-shapes of transformers and generators, capacities 
and inductances of power and communication circuits, 
and the configuration and separation of the power and 
communication wires. 

The Californian Joint Committee did nbt commit 
themselves beyond, stating that every reasonable 
effort shall be made to avoid parallels and where there 
are parallels they should be as short as practicable.” 
Further, ” the power lines and communication lines 
shall be kept as far apart as practicable and this 
separation should be at least equal to the height above 
ground of the power wires, except when closer proximity 
is unavoidable.” 

There are three considerations to be borne in mind. 
These are the induced efiects which may be produced 
by {a) balanced voltages and currents, (&) the residual 
voltages and currents, and [c) abnormal occurrences 
arising out of faults, switching, etc. The first-mentioned 
may, perhaps, be forecast and allowed for ; {b) is a more 
difficult matter, and (c) more difficult still, the factors 
being modified by all types of fault and by the position 
of the communication line in respect to the generating 
station and the position of the fault. The inductive 
effects of balanced voltages and currents are the most 
tangible to handle, and in the case of a three-phase 
overhead line the theoretical effects have been con¬ 
sidered by several investigators. To forecast the results 
of those effects and those of the residual voltages and 
currents on neighbouring telephone and telegraph 
circuits in terms of noise value and mutilating effects 
on telegraph signals is, in the opinion of the author, to 
enter into the region of prophecy and he is not in a 
position to commit himself on the matter. As regards 
actual maximum®tolerable values, those taken in the 
Californian report are no doubt near the mark in the 
case of telephones; that is, the extraneously induced 
current in the receiver should not exceed in its noise- 
producing value the effect of 10 micro-amperes at a 
frequency of 240 periods per second ; but those taken 
in the case of telegraphs, viz. the extraneously induced 
currentf.at the circuit terminals, should not exceed 
2 milliamperes at a frequency of 60 periods per second, 
or its equivalent at any^other frequency, e.g. 1 mA at 
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25 periods per second appears to be on the high side. 
The types of telegraph apparatus and their sensitivities 
vary considerably and the author would place the 
maximum figure at 0*6 milliampere for this country. 

The method of calculating the electric and magnetic 
effects would form the subject of a separate paper, and 
the author would refer those sufS^iently interested to 
the treSitment by L. P. TPerris, in the Californian Report, 
and by E. Parry in the New Zealand Journal of Science 
and Technology, 1919, vol. 2. Parry's theoretical cal- 


the power line which has an equilateral triangular 
formation with 6 ft. spacing and the bottom wires 
32 ft. 2 in. above the ground. In ifie case of | wires 
actually erected on the power-line poles 6 ft. 5 iij. below 
the bottom arms, Parry'^s calculation gave a max^um 
pressure to earth of 4 940 volts, and he remarks: 

Hence the necessity of ample drainage coils and 
transformers insulated for high voltage, insulated 
platforms and other devices for the security of the 
employees.*' 
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culations of the electric effects were concerned with 
the Lake *Coleridge-Christchurch 66 000-volt three- 
phase transmission line. Figs. 21 and 22 are repro¬ 
duced from the paper and refer respectively to the 
calculations of the electrostatic and electromagnetic 
fields upon a neighbouring telephone circuit. Fig. 21 
shows the maximum value to earth of th% electro¬ 
statically induced E.M.F. in the telephone wire 18 ft. 
above the ground at varying;^separating distances from 


Fig. 22 shows the maximum voltage per mile ifiduccd 
in a telephone circuit with 100 amperes in the power 
line. The calculated induced voltage per mile of wire 
in the case of the telephone wires on the power-circuit 
poles was 5*03 volts per mile, and this applied equally 
to each leg of the circuit. Owing to the differenc in 
phase of the effects, however, there would be a differenc 
of 2*1 volts between the two sides at any instant of 
time. 
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Parry's calculations of the effects of the electric field 
were verified by actual measurements made by Caldwell 
and Marsden (See the same Journal, January 1921). 
Observations made on a line situated 26 ft. from a 


which is proportional to QV, will fall off with the 
distance at a rate proportional to the squares of the 
above figures. It should also be pointed out that 
the induced voltage will be less if the 'wires concerned 
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Fig. 19,—American system. 

The 6tb, 6th, 7th and 8th arms will be transposed like the 1st, 2nd, 8rd and 4th arms respectively, with the exception that at the 1st, 8rd, 6th, etc.. 

S Doles, all pairs except 48-44 will be transposed. ,..x 

^ For a »ddlc pam cross as shown for 86-86, For two-wire arms or pole bractots cross as shown for 6-6, 16-16, etc. i o « m n io oft 

For four-wire arms cross as shown for 3-4, 7-8, 18-1^ 17-18, etc, ^or six-wire arms cross as shown on plan, omitting 1-2, 0-10, 11-12, 19-..0, etc. 
For eight-wire arms cross as shown on plan, omitting 6-6, 16—16, etc. 



66 0p0-volt power-transmission line showed voltages 
b^tw^n 100 and 1140 on various wires under var 5 dng 
conditions caused by earthing neighbouring conductors. 
Insulated telephone 'wires erected on the poles carr 3 ring 
the® power wires had pressures to earth of between 
160 volts and 1 860 volts 'according to the different 
condition* as regards earthing of adjacent wires. Using 
Parry's formula the authors state that for a long 
telegraph wire of No. 11 S.W.G. (200 lb. copper) 18 ft. 
above the ground the induced voltages for different 
separating distances 'vnU be as shown in Table 2. 

The quantity of electricity Q induced on the wires 
should they be earthed, is roughly proportional to the 
voltage indicated above>so that the energy of discharge. 


extend beyond fhe influence of the power line, as the 
effective capacity per unit length will be increased 
accordingly. 


Table 2. 


Transmission line 
. voltage 

_e _- ——— 

Induced voltages (R.M.S.) 

1 

Chain 

s 

Chains 

8 

Chains 

400 000 

200 

62 

21 

66 600 

131 

^ 34 

14 

11 000 

22 

6 , 

2 


* » 
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Although the Californian Joint Committee did not 
commit themselves to definite proposals as to what 
constitutes a dangerous parallel, they included in their 
report proposals for arriving at a basis. The Committee 
did not agree as to the acceptability of these proposals 


should be transposed to reduce balanced voltages* and 
currents, and other charts which deal with residual 
voltages and currents and indicate the^conditions from 
which interference with telegraphs and telephones can 
be anticipated. ^ 



Fig. 21.—^Electrostatic induction between power and telephone circuits. 

Power circuit: 7/0 ‘ISB, 66 000 volts, 60 periods, three-phase. 

Telephone circuit: No. XI S.W.G. 
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Fig. 22.—^Electromagnetic induction between power and telephone circuits (per 100 amperes, max. value). 

Power circuit: 7/0 TSe, 66 000 volts, 60 periods, three-phase. * 

Telephone circuit: No. 11 S.W.G. 


but put them forward solely as a preliminary study 
and a guide to those undertaking further studffes of 
this nature. In theip report are a number t>f Charts 
which are the suggested basis of conditions that should 
be a guide for deciding whether power circuit wires 


In the case of balanced voltages and currents 
the charts are based on the assumption that balanced 
voltages will interfere with telephone circuits if the 
product of the length of parallel running in miles and 
the induced pressures betweeA conductors and earth 
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in volts exceeds 200 volt-miles, and tliat from balanced 
currents will interfere if the average induced voltage 
along conducted exceeds 0*5 volt at 60 cycles per sec* 
For telegraph circuits the figures are respectively 300 volt- 
mile^ and 1 volt at 60 cycleSr An indication of what 
this means can be gathered from the exemption from 
transposition given to lines on private rights of way in 
the Californian final report, subject to the conditions 
in Table 3 and to the power line not parallding the 
highway or communication line with a closer proximity 
than that given by 1 mile in 30 miles of parallelism* 
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“ V^tages between power conductors 

Separation from highway 
and communication lines 


ft. 

^Below 60 000 

600 

60 000 to 75 000 

760 

75 000 to 100 000 

850 

100 000 to 160 000 

1000 

160 000 to 200 000 

1200 


telegraphs of 300 volt-miles. In all cases referring to 
telephone circuits it is assumed that there are harmonics 
present which fall within the range harmful to speech. 
As an example of the use of Fig. 23 let it be assumed 
that it is proposed to parallel a telephone line over 
10 miles at a sepajration of 60 ft. From the chart it is 
found that the valuer of the prodj^ict of length of parallel 
and residual voltage corresponding to a horizontal 
separation of 60 ft, is 6 kilovolt-miles. Dividing by 10, 
the given length of parallel, the residual voltage permis¬ 
sible under the condition assumed is found to be 600 volts 
(effective value). 
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Fig. 23.—Residual voltage for parallels of 60-cycle, three- 
phase power lines and telephone or telegraph lines. 

When the product of residual voltage (in kilovolts) and length of parallel 
(in miles) for a given horizontal separation exceeds the value given oy the 
appropriate curve, hiterference may ordinarily he expected, under the assump¬ 
tions given. 

. The charts referring to residual voltages and currents 
are given in Figs. 23 and 24, The figure for parallels 
involving telephone circuits is in the case of residual 

Table 3. 


voltages based on a value of the product of the length 
of parallel and the induced voltage between the con¬ 
ductors and earth of 109 volt-miles, and in the case of 


« so M SO 8D9OIO0 

Horizontal Jepardt/on - Feet 

Fig. 24.—^Residual current;^ for parallels of 60-cycle, three- 
phase earthed-neutral power lines and telephone or 
telegraph lines. 

When the product of residual current (in amperes) and length of parallel 
(in miles) for a given horizontal separation exceeds the value given oy the 
appropriate curve, i^tei^ference may ordinarily be expected, under the assump¬ 
tions given. 

In the case of residual current the curve is based on 
an induced voltage along the telephone conductors of 
0*20 volt at 60 cycles per sec., and for telegraphs a 
vafue of 1 volt at 60 cycles, 

As an example of the use of Fig. 24, assume that it 
is proposed to p^allel a telephone line for 2 miles at a 
separation of 60 ft. with an earthed-neutral power 
circuit. 

From the chart it is found that the value of residual 
ampere-miles corresponding to the horizontal separation 
of 60 ft. is 0-76. Dividing this by 2, the given length 
of parallel in miles, the residual current * permissible 
under the conditions assumed is found to be 0 • 37 ampere 
(feffective value). 

Turning to the question of the clearance to be given 
to prevent the harmful effects of short-circuits, etc,, in 
the EUhit^otechnische Zeitschrift oi 17th May, 1923, draft 
rules prepared by the Verband Deutscher Elektro- 
techniker are propose^ ioj; the protection of telephone 
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loop wires against influence by alternating-current 
systems. These rules lay down, inter alia, separating 
distances between power lines and telephone lines 
which are regarded as not dangerous should a power 
line be started up during the existence of an earth on 
the system. The values are shown in Table 4. 

• ^ABLE 4. 

Up to 16 kV* more than 60 m. 

Above 16 kV and up to 20 kV, more than 76 m. 

Above 20 kV and up to 36 kV, more than 100 m. 

Above 36 kV and up to 60 kV, more than 160 m. 

Above 60 kV and up to 110 kV, more than 200 m. 

Above 110 kV, more than 250 m. 

The author does not know whether these rules have 
been approved. 

The calculations in the case of single-phase electric 
railwa}^ where the power system is largely unbalanced 
have been made by various investigators. Here again, 
owing to the great number of factors involved, many 
of which are difiicult to appraise, it is not easy to 
forecast on theoretical grounds what will be the result 
in any particular case. The curreirt eflects from such 
systems Vre usually the most troublesome and the 
amount of current returning in the earth path is 
the controlling factor, this naturally depending upon the 
measures taken to confine the current to the rails or to 
supplementjixy return conductors. If no special measures 
are taken, tom 40 to 60 per cent of the current usually 
flows in the rails, the remainder returning via the earth. 

Where communication circuits are erected at the side 
of a railway the track conditions usually limit the 
separating distance, and the physical conditions control 
the situation. 

Telephone Circuit Balance. 

The presence of power citcuits in the vicinity of 
telephone circuits necessitates an unusually high standard 
of maintenance of* the latter. Small defects that would 
cause little trouble were the power circuit non-existent, 
now prove annoyances of considerable mg^gnitude, whilst 
apparatus that was thought to be accurately balanced 
is found to be wanting when exposed to the searching 
effects of strong fields. This is specially noticeable if 
the apparatus is earth-connected, as the capacity 
discharges through the apparatus will effectively show 
up any want of balance in the impedances. Further, 
it is possible to have trouble even if the exposed telephone 
circuit be perfect in balance as regards insulation, 
capacity and conductor resistance, and taken alone no 
disturbance is experienced, as this circuit is liable to 
be placed in connection‘with any* number of other 
circuits any one of which may be more or less faulty. 
A faulty circuit at once introduces trouble in a violent 
form by unbalancing the combination. The trouble 
can be met to a certain extent by making all connections 
between the exposed circuit and others through trans¬ 
formers or repeating coils, as by this mearj^ an 
Unbalanced circuit is^ prevented tom upsetting the 
balance of the line subject to the interfering fidd. Such 
a procedure necessitates in soirCe cases changes in the 


signalling arrangements, and there is always^ a cgrtain 
loss in speech efficiency. 

In all cases of inductive interferencawith telephones 
the first steps taken are to see that the circuits are 
properly balanced electrically. If a telephone circuit 
were perfectly balancecf and transposed it woufd of 
course be possible for it to work undisturbed in any 
electrical field, but such a circuit is not obtained in 
practice. For a circuit to b8 perfectly balanced each 
leg of the loop should have the same series impedance, 
the same capacity and insulation resistance to earth, 
and the same capacity and insulation resistance to 
each other at all points. This is impossible in practice 
with overhead lines, and a properly balanced circuit for 
commercial purposes is taken as one which would be 
undisturbed by other telephone or telegraph circuits 
working on the same route. It follows that the better 
the balance of a telephone circuit the less likely .is it 
to be disturbed, and the following points are locked into 
when trouble is experienced :— 

Apparatus .—^Listening tests are made directly on the 
lines, i.e. with all relays, repeating coils, etc.„ cut out. 
If the noise is reduced, the apparatus removed is 
examined. Standard apparatus is designed to be 
balanced to ordinary inductive effects when placedL in 
a telephone circuit, but trouble may be introduced by 
the following defects ;— 

{a) Partial or intermittent contacts due to projections 
of solder on contacts and terminals of apparatus. 

(6) Defective contacts in relays. 

(c) Imperfect contacts at protective devices (fuses, 
heat coils and protectors). 

(i) Badly soldered joints on frames or switchboards. 

Line wires ,—^Methods of transposing line wires to 
prevent inductive interference in the case of telephone 
circuits have already been dealt with. The two wires 
of the loop should have the same series impedance; 
unequal resistance causes trouble, a difference of a fSW 
ohms being sufficient to accentuate interference. In 
making tests of resistance the circuit should be divided 
into sections which should be as short as practicable, 
as it is possible for inequalities of resistance to average 
out on a long length, but, nevertheless, the local 
unbalance will cause a circuit to be noisy. Where 
unbalance is detected, all connections should be exahained 
for dry joints. 

Insulation ,—Insulation balance is of great importance, 
and noise may be due to local differences of insulation 
where a test of the whole line shows no great disparity. 
This is especially so if the whole insulation *is Iqw, ns 
there may be great local differences which have con¬ 
siderable noise effect. When the insulation is high the 
local unbalances are not likely to be considerable. ^ 

Where insulation is not up to standard careful line 
inspections should be made. Defective insulators and 
partial contacts caused by trees or debris should be 
removed. Protective fittings should also be examined. 

When the circuit is partly in cable, listening tests 
should be made with the cable sections in and out of 
circuit, and it should then be possible to ascertain 
whether the insulation of the cable is a factor in the 
unbalance. 
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Ii^uctive effects axe sometimes experienced in circuits 
not directly affected by power circuits, owing to their 
proximity in a cable to circuits which are affected. In 
one instance the circuits comprising a great part of a 
telephone exchange were very badly disturbed following 
the commencement of electric Exaction on a railway, yet 
none of the circuits disturbed was dose to the railway. 
Thp cause of the trouble was traced to a telegraph 
circuit which ran adjacent to the electric railway for a 
portion of its route and for another small portion in 
the cable in which there were also telephone circuits 
terminating at the exchange. Inductive effects from 
the railway power line were thus carried over a wide 
area by the telegraph line and telephone circuits following 
the common route for a short distance. 

Methods for Minimizing Telephone and Telegraph 
Interference. 

Remedies applied to telephone circuits^ —^Various 
methods have been devised for reducing the effects of 
induction upon telephone circuits by modifications 
or alterations in the apparatus. In the early days 
when single-wire telephone circuits were more common 
and relatively short, some kind of success was achieved 
by,, methods which reduced the sensitivity of the 
circuit. One of these was to increase the clearance 
between the diaphragm and the coils of the receiver by 
inserting a brass ring. This made the noise less offen¬ 
sive, but it of course reduced the volume of speech and 
was only a palliative dependent for success on the 
circuit having a good speech margin. In some instances 
a condenser placed across the receiver was effective. 

A rather more elaborate arrangement was one in 
which impedance coils were joined in the circuit to 
choke out the interfering currents, and incidentally the 
speech currents, and then improvement was made in the 
latter by increasing the transmitter voltage; this met 
with a fak amount of success, but it had the drawback 
tisat the yicrease in working voltage caused overhearing 
in neighbouring circuits. 

Specially designed loud-speaking telephones used on 
circuits deliberately made insensitive by capacity¬ 
coupling connections have answered in some cases. 

Endeavours to shunt the interfering note by means 
of tuned inductance and capacity have not been very 
suc<>essful. The note to be removed is generally com¬ 
posite and, even if well defined, is of a frequency t ha t 
falls within the vital speech range, and speech in its 
removal is degraded. 

It. is important to bear in mind that none of these 
n^ih(jds IS suitable for public telephone circuits—the 
most .that can be claimed for them to-day is that they 
may be of use in dealing with private lines, e.g. between 
collieries, etc., of which there are still no doubt many 
left itv-the country. 

The^coppling of the power circuit with the telephone 
line at a transformer has been suggested at various 
times. One early reference is given in Hopkins's " Tele¬ 
phone Lines and their Properties," published in 1898. 
The connection of the windings on the transformer is. 
such that the current induced in the transformer is 
180® out of phase with that induced in the line section 
of the circuit. A deve^pment of this by Mr. J. Sayers 


is referred to later in the section on single-phase 
railways. 

A more modern development is attributed to Marius 
Latour. The telephone current is amplified for trans¬ 
mission and in the terminal apparatus the strength of 
this current is brought down to the value corresponding 
to normal audition, jvhich at the same time reduces the 
intensity of the disturbing current. The amplification 
can be regulated as required at the transmitting end, 
and the disturbing effect can be reduced to a value 
sufficiently low as not to interfere with telephone con¬ 
versation. Ordinary vacuum-tube amplifiers are em¬ 
ployed. Such an arrangement would be satisfactory on 
single-circuit routes, but overhearing would occur on 
lines canying two or more circuits, owing to the greater 
power used. 

Remedies applied to telegraph circuits, —It is possible 
to reduce within certain limits the inductive effects on 
the working of telegraph apparatus. Telegraphs are 
usually only affected by cuirents of the fundamental 
frequencies in the case of power-transmission lines, and 
by the fundamental electromagnetic effects in the case 
of single-phase railways, these frequencies being within,* 
the working range/)! such apparatus. It has been the 
last-named effects which have caused most trouble 
and have, in consequence, led to the trial and appli¬ 
cation of remedial measures. Telegraph circuits are, 
in the great majority of cases, worked with an earth 
return. The types of apparatus are numerous, de¬ 
pending upon the service required, the speSd of work¬ 
ing varying from 20 to, say, 200 words per minute, 

• although speeds as high as 600 words per minute can 
be attained under suitable conditions. By duplexing, 
quadruplexing and multiplexing, it is possible to provide 
from 2 to 12 channels by means of one wire. The 
currents required to operate the different telegraph 
apparatus when worked directly in a line, i.e. short- 
distance circuits, varies between 1 mA for a polarized 
sounder to 69 mA for the old-fashioned inker. Where 
the actual telegraph apparatus is worked from relays, 
the minimum current required to work the relays varies 
between 0-5 mA for the most sensitive, up to 6 mA. 
For very high speeds, however, some of the relajrs 
require a larger minimum current, according to type, 
but much smaller currents will interfere with the working. 

It will be gathered from this that very small foreign 
currents are likely to mutilate telegraph signals. 

The highest pressure employed on telegraph circuits 
in this country is 120 volts. Somewhat higher pressures 
are used in some <j)ther countries. The voltage employed 
depends upon the length of line and the apparatus in 
the circuit. The magnitude of the interference effects 
will therefore depend not only upon the foreign voltage 
impressed on the circuit, bilt to a certain extent also 
upon the frequency of the interfering current and the 
speed or number of words per minute at whAch the tele¬ 
graph circuit is operating. Trouble may result in some 
cases when S. foreign voltage as low as 10 per cent of 
the working voltage is impressed upon the circuit. The 
highgr the speed of the telegraph working, the more 
likely it js to be mutilated. The length of the marking 
signal or the time the marking current is flowing depends 
upon the speed, and at low speeds a portion of this 
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length can be lost without interference with the signal, 
i.e. there is enough effective current left to produce 
the signal. At high speeds, however, the time the 
marking current is flowing is reduced and, as further 
clipping cannot be tolerated, interference which may be 
unnoticed at low speeds is sufficient to cause faulty 
reception. ^ 

The remedies that chn be applied depend upon the 
values of the induced voltages. With the very high 
induced voltages experienced in America, very special 
steps had to be taken to reduce these by employing 
neutralizing transformers in the communication circuits. 
These are referred to in the section dealing with single¬ 
phase railways. The most successful remedies have been 
those based on the fact that telegraph apparatus is 


inserting an inductive resistance which has a high 
effective value at the frequency of the interfering cur¬ 
rent but a relatively small one with direct current. 

Slight perturbations have been prevented in relays 
by the provision of a copper tube between the llectro- 
magnet and the winding. This ^amps out the high- 
frequency effects. 

The greatest success has been achieved with resonant 
shunts. Fig. 26 shows the a‘J)plication of such shunts 
to duplex and simplex telegraph circuits in this country. 
The shunt is based on the well-known resonant formula, 
and for a frequency of 26 has a capacity of 0*2 juF 
and an inductance of 20 • 06 henrys. There are disadvan¬ 
tages with high capacity or high inductance. If a 
high capacity is employed it will seriously reduce the 
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Fig. 25.—^Resonant shunts applied to telegraph circuits. 


usually worked with direct current, and as the inter¬ 
fering current is alternating it is possible to arrange 
for the alternating current an easy path which is closed 
to the direct current, and, further, to arrange a path 
which is closed to the alternating current but open to 
the direct. There are, however, a few other methods 
which may be applied Where the interference is not 
excessive, e.g. resistance can be added, to the circuit 
and the working voltage increased. This has a limited 
application, as the induced voltages axe usually high 
and to overcome them would require excessive working 
voltages. Moreover, a higher working voltage than the 
normal will cause interference between telegraph circuits 
themselves. 

Interference with signalling systems where direct 
current is used* can be overccftne in some cases by 


signals on certain types of circuit which are worked 
with condenser impulses, whilst a high inductance 
involves a high resistance to produce the inductance, 
unless considerable iron is used with the coil; and a high 
resistance will defeat the object of the shunt. Again, 
if iron is used the inductance will vary with the current 
passing and the shunt will cease to be resonant ^ all 
values of current. It can be said, however, that it is 
possible by means of these shunts to ma]^e certain 
circuits workable which would otherwise be unfit for 
use. Their use is limited, however, to circuits worked 
at hand speed, as with automatic working at certain 
speeds the signals are distorted owing to the shunt 
coming into action and providing a path for the working 
current. With a shunt fitted to Wheatstone apparatus 
good signals are obtained until ^ speed is reached which, 
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in ejffect, results in alternations approaching the fre¬ 
quency of the shunt or multiples of the same. For 
instance, on a Wheatstone circuit there will be good 



Fig. 26.—^Resonant shunts and stopper applied to telegraph 
circuits. 


signals up to 60 words per minute, but between 
65 and 80 words per minute they are badly broken 
up. After that the signals are again good until a 


In an actual case of a circuit fitted with a shunt and 
workinjg with a 60-volt battery an induced pressure of 
22 volts was sufficient to interfere with the operation. 

M. Latour, in a communication on H. S. Warren's 
paper,* describes the application of the same kind of 
shunt with improvements in the shape of a stopper 
circuit in the telegraph instrument path. His first 
and final arrangements are sho^ in Fig. 26. ^In the 
last Z is the stopper, i.e. the capacity and inductance 
in parallel having the same values as''those required 
for resonance. The application was made to telegraph 
circuits subject to influence by a single-phase railway 
working at a frequency of 16f per second, the values 
being 60 henry^ and 2 fxF. 

Other palliative arrangements are shown in Fig. 27, 
and these are self-explanatory. It should be borne in 
mind that all the remedies referred to are for use with 
single-wire telegraph circuits. A double-wire circuit 
should not require devices of this character. 

c 

Tracing the Source op the Interference. 

Tracing the source of a disturbance may present 
difficulties where a circuit passes through many power'' 
areas. The simplest method is to go over the route 
with a search coil and a telephone receiver, listening at 
the likeliest spots and comparing the pitch of the note 
with that heard on the actual telephone circuit. Search 
coils can be made up in many forms. The most effective 
is that in which the impedance of the coil i^jpelf is equal 
to the impedance of the receiver, which in practice 
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Fig. 27.—^Various methods of minimizing effects of altematmg current on telegraph circuits. 


frequency multiple of 66 words is reached. Wheat¬ 
stone working at 66 words per minute is roughly a 
periodicity of 26 per second. 

As regards the actual prevention of interference, these 
methods naturally fail if j;he induced voltage is very high. 


means that a low-resistance receiver should be used 
with#a coil of few turns, and a high-resistanc receiver 
with a cqjil of many turns. 

* Transacticns of the Americafk.Institute of EUctrical Engineers, 1918, vol. 37 
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If more than one S 3 rstem gives the same note, which 
is not an unlikely contingency, then it may be necessary 
to lint down one or other of the systems specially to 
find the ofEender. 

The frequency of a ripple can be obtained fairly 
accurately by comparing the pitch of the note heard 
on the telephone with that of a ti:ifiing fork, pipes, or 
a piand. The pitch ol all pianos is not based on a 
common fundamental frequency, however, and the 
accuracy of the Comparison of the pitch of notes depends 
upon the musical faculties of the individual making the 
test, and observers differ unless they have specially 
trained hearing. It is possible to ascertain accurately 
the frequency of a ripple by means of apparatus that 
impresses a note which can be varied, and the frequency 
of which is known, on the same circuit as that having 
th unknown note; synchronism can be ascertained 
by the beats, or rather the intervals between the beats. 
Fig. 28 illustrates such an arrangement diagrammati- 

e 



M « Motor. 

R a Resistance (adjustable). 

B - Battery (100-volt). 

W =a Cog-wheel, 60 teeth. 

A Stator of alternator (2 poles). 

b Icell. 

C = Counter. 

S Search coil or telephone circuit. 

T a Telephone reviver. 

cally. The motor, the speed of which can be varied 
by means of the adjustable resistance, drives a cog¬ 
wheel having 60 teeth, the rim 6i the wheel being so 
placed that it acts as the rotor of a small alternator, 
the stator of which consists of two poles, the field being 
supplied by a single dry cell. As the cog-wheel revolves, 
the teeth cut the field at the same periodicity per second 
as the motor speed per minute. The speed per minute 
of the motor is obtained from a counter bn the armattfire, 
and it is possible, therefore, by noting this figure to 
know the frequency of the note produ^ied by the alter¬ 
nator. When, by adjustment of the resistance, the 
alternator note approaches the frequency of the note 
tinder test, beats are heard which become separated 
hy longer intervals as the ftotes come into synchronism. 
When this point is reached, the counter figure gives 
the information required. This method was employed 
by Prof. Miles Walker in some investigations in which 
th Post OfSice was concerned. * 

The Problem as Affecting Different PqwER 
Systems. 

It is now proposed to deal more specifically with the 
different types of power circjiits^as used commercially 


in this country, viz. tramwa 3 rs, railways, and eleqtric 
light and power circuits, indicating in a general way 
the steps taken to overcome interferencei^ and any other 
features that may be of interest in connection witti the 
matter under consideration. 

Tramways .—^The most usual system employed inithis 
country is the single trolley wire with an insulated rail 
return. There are a few miles of track in the neigh¬ 
bourhood of Greenwich ObSfervatory where double 
trolley wires are used. In London the conduit system 
with positive and negative conductors is common. 

Interference with telegraphs by stray currents is 
likely to occur where an uninsifiated rail return is 
employed. The Ministry of Transport Regulations 
limit tiie difference of potential between any two points 
on the uninsulated return to 7 volts. This has an 
important bearing on interference with telegraphs and 
the signalling on telephone circuits. Trouble does not 
usually occur where this regulation is complied with. 
If the undertaking is working within the limits laid 
down, it is usual to apply the remedy to the telegraph 
or telephone circuits. Trouble can usually be overcome 
by artificially increasing the resistance of the circuit so 
as to reduce the strength of the foreign current. Inci¬ 
dentally, this may of course involve increased battery 
power for the operation of the apparatus. A change 
in the earth connections may be effective; for instance, 
use of earth plates instead of connections to water pipes 
may be desirable, especially if the tramway negative 
busbar is earthed on a water main. 

The currents and voltages in the usual, tramway 
system with uninsulated rail return are totally residual, 
but as the current is direct, one would not anticipate 
trouble from induction, and, in fact, that was the 
experience until a few years ago when the rotary 
converter came into general favour. The earlier types 
of rotary converter did not, however, cause trouble. 
It is not for the author to explain this, but, superficially, 
one is struck with the great difference in sis^ for 
same output, and the greater air-gaps in the older and 
larger machines. It would seem that the general 
overall increase in efficiency brought, as usual, an evil 
in its train. In passing, it may be remarked as a 
strange development that in recent years there has been 
more interference trouble on this account from d.c. 
systems than from a.c. systems, which is a warning td 
those inclined to prophesy. 

As explained earlier, harmonics are produced in d.c. 
as well as in a.c. systems. In the case of tramways 
there are two kinds of high-frequency pulsations which 
may affect the neighbouring telephone drcOits.^ One 
of these, (a), is produced by the motor on the car, and 
results in a varying note being heard in the telephone 
receiver as the car gathers speed ; whilst the other,^(&), 
originates in the machine supplying the curreirt and 
produces a constant note of high pitch in the*telephone 
receiver. 

In the case of (a), the disturbance is likely to be 
more intense if the bonding of the tramway rails is not 
in good order, and is more marked on systems where 
the trolley wires carry the whole of the current without 
supplementary underground feeders. Interference is not 
usually great unless the telephoqp wires and the tramway 
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ruiu parallel for a considerable distance. In such cases 
good balance of the telephone circuits is essential in 
order to reducrthe interference. 

As regards (5), the efiect upon the telephone service 
is more serious, as a strong disturbing field is sometimes 
produced, which may be detected at a considerable 
distance from the tramway system. The machine pro¬ 
ducing the disturbance is usually the rotary converter, 
and the causes and some remedies which may be applied 
to the machine axe referred to on page 828. 

If the tramway system is extensive, with substations 
feeding the system in common, the disturbance is usually 
more severe owing to balancing current constantly 
flowing in the trolley wires and feeders between the 
substations. Improvement will usually result if the 
substations work independently, i.e. if each substation 
feeds a portion of the system and there is no connection 
with other portions. 

If the tramway undertaking has a stand-by battery 
at the station, the inductive disturbance will be reduced 
by placing the battery across the oflending machine 
(see Fig. 29). The battery affords a low-resistance path 
for the ripples and, in addition, will tend to flatten 
the ripple in the external circuit by resisting changes 
due to the rise and fall in the voltage of the ripple. 
This method is not effective if there is an automatic 
booster machine in the battery connection. 

’ If the ripple is of a well-defined frequency it should 
be possible to shunt it at the machine by^ an arrange¬ 
ment of capacity and inductance tuned to the frequency 
of the ripple (see Fig. 30). If the capacity and induc¬ 
tance are of the correct values the shunt will form a 
low-resistance path for the ripples, whilst affording no 
path for the d.c. supply to the system. The author 
tried this method experimentally some years ago with 
a certain amount of success, but the best results were 
obtained when a choke coil was added between the 
machine "and the busbar. This method is similar to 
tnat des^,iibed for use with mercury-arc rectifiers by 
Prof. Marchant in the appendix to this paper. It is 
understood that it is also used successfully in America. 
The best values for G (capacity) and L (inductance) are 
those which provide a resonant circuit, and this is 
obtained when 

- n (frequency of the ripple) = 

With these conditions the resistance of the shunt to the 
ripple will be the simple ohmic resistance in the shunt, 
and the effectiveness of the shunt will therefore depend 
on that being kept low. 

- EUctric railways ,—^The electric railways of this country 
are in the majority of cases worked with direct current, 
exceptions being a short section of the London, Midland 
and^ Scottish Railway between Lancaster, Morecambe 
and Keysham, and a portion of the Brighton section of 
the Southern Railway in the London district. 

Dirsct-cuvrent railways ,—^The conditions giving rise 
to interference are electrically comparable with electric 
tramways. There are, however, in this country rela¬ 
tively more systems using insulated returns, and with 
such systems interference by leakage and induction is 
not so likely to occur. On most of the systems a medium 
pressure is employed, 650-600 volts, but there are 


two cases where a higher voltage is used. The London 
and North-Eastern Railway employs a 1 600-volt over¬ 
head contact system on a mineral railway between, 
Shildon and Newport, near Stockton, whilst the 
L.M. and S. Railway employs between Manchester and 
Bury a contact rail at a pressure of 1 200 volts. 

As railway tracks are usually well drained and the 
rails are on sleepers, leakage currents should* be less 



Fig. 29.—Shunting harmonic by means of stand-by battery. 


than on tramway systems on public roads. Against 
this, however, has to be set the fact that some electric 
railway systems are not specifically limitecf by Ministry 
of Transport regulations as to voltage drop in the rails. 
The Ministry of Transport regulations referring to 
electric railways in metal-lined tubes limit the fall of 
potential in the uninsulated rail to 7 volts. 

In the early days of tube working in London, a certain 
amount of trouble was caused to telegraph circuits. It 
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Fig. 30.—Resonant shunt across d.c. machine. 


was found necessary to insert resistances in the lines 
and consequently to increasf the battery voltages. In 
the case of the Ciiy and South London Railway, great 
improvement came with a change in the method 6f 
working to what is practically the same a§ the 3-wire 
system of Electric light distribution, the live rails on 
the two tracks being the outer conductors, with the 
running rails as the neutral. 

The great increase in the extent of electric railways 
in London has not brought about a corresponding 
increase in disturbance to telegraphs* and the author 
attributes this to th^ fact that, coincident with this 
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development, the Post Office brought the high-resistance 
polarized sounder into general use in London. 

There was a certain amount of interference with 
fire-alarm circuits when the Metropolitan Railway 
electrification commenced in 1905, but this was over¬ 
come by changes in the earthing ^arrangements and by 
increasing the resistance of each eircuit. The faulte 
caused were more numerous when the first experimental 
trains were run,^and, no doubt, certain weaknesses were 
removed on the railways as time went on. 

Inductive effects will be influenced by the t 3 rpe of 
lay-out of the system. With the third-rail contact 
system in which the ordinary running rails are used 
for the return current the effects will generally be the 
same as with the tramway s 3 rstems, modified by the 
fact that there will be less leakage to earth on a well- 
drained railway track, tending to produce less out-of- 
balance electromagneticaUy, and by the close proximity 
of the positive conductor to the earth surface reducing 
the electrostatic effects. ^ 

With the overhead contact system the conditions 
approximate to those of the street tramway systems 
'Except that the leakage currents should be less. In the 
case of railwa 3 rs using the fourth railihe system is more 
nearly bafanced electrically and should be better from 
the point of view of interference. 

Rotary converters are generally used for suppl 3 dng 
direct current, and methods of reducing the harmonics 
produced by^such machines have already been described, 
A certain amount of trouble has been caused by inter¬ 
ference with telephones by d.c. railways employing 
rotary converters, and machines have had to be altered 
to overcome the interference. 

The telephone circuits in these cases run alongside 
the track for a few miles with a relatively small distance 
separating them from the live rails and cables. The 
alterations to the machines to reduce the harmonics 
have resulted in the circuits being made workable with 
the telephone lines in good balance, but slight faults 
which previously would not have affected the working 
to any extent now make the conditions intolerable. 
To that extent the maintenance costs are increased, 
and, in addition, loss is incurred owing to the circuits 
being more frequently thrown out of use and having 
their earning power reduced. 

Single-phase systems ,—^It is not for the author to 
take part in the old controversy of direct-current 
versus single-phase traction in its efficiency aspect, but 
one cannot avoid making certain comparisons between 
the two systems where interference witA communication 
circuits is concerned. 

The direct-current system, as developed in recent 
years, has certainly produced unpleasant and unexpected 
features in this respect, but undoufitedly the general 
experience with single-phase railways in many countries 
has shown that system to be the worse offender. The 
lay-out of the system has a most importai\t bearing in 
this connection and many varying methods have been 
adopted, some of which will be described. It is difficult 
to obtain in all cases definite particulars of al> the 
results in this respectji and there is some coinflict of 
evidence. In sqm© cases complete success in over¬ 
coming trouble is claimed, whilst, on the other hand. 


statements of a pessimistic character have appeajjed. 
An instance of the latter is an article by Zehme in the 
Electrical World of 6th March, 1921, which calls attention 
to the doubts in Germany as to the advisability of 
selecting the single-phase ^system for all German lines, 
especially in view of the induced voltage of 4 000 wfiich 
was found to be rapidly destro 3 dng the signal cables 
on the Silesian mountain road. Further, a Swedish 
Co mmis sion reported against’’* the alternating-current 
S 5 rstem and the Swedish Riksdag approved the plans 
of the new railway from Stockholm to Gothenburg only 
on condition that a satisfactory solution of all inductive 
disturbance should be found. On the other hand, there 
is a statement in M. Bachellery’s recent paper♦ on The 
Rlectrification of the French Midi Railway,** to the 
effect that in the section experimentally operated on 
the single-phase system it was possible by taking 
apparently simple steps to work the communication 
circuits quite satisfactorily, ^ 

However that may be, the use of this system of 
traction is considerable. In Germany it is in favour 
and in Switzerland the system is very successfully used. 
In America the New York, New Haven and Hartford 
Railway is the principal railway working on the single¬ 
phase system, and a great dead of information on the 
results of the working of that railway has been published. 
The author has first-hand information on the inductive 
effects of the Lancaster-Hejreham section of the London, 
Midland and Scottish Railway and of the more ex¬ 
tensive Brighton section of the Southern Railway. 
Before giving details of the various experiences, he 
proposes to indicate briefly the conditions of working 
and the electrical arrangements which affect the question 
of interference. As members are aware, alternating 
current is supplied at extra-high pressure, usually at a 
periodicity of 16| or 26 per second, into an overhead 
contact wire fixed above and parallel with the track 
rails at a height of about 16 ft. The current is fed 
through a bow collector to a transformer on<4:he traffi 
and from this returns through the motors to the source 
of supply via the wheels, rails and earth, and in 
some cases through sifbsidiary cables or wires. The 
effects upon neighbouring communication circuits can 
be summarized as follows :— 

{a) Due to earth currents or leakage from the track 
rails; 

(6) Electromagnetic induction from the trolley wires, 
track rails and (if any such are provided) con¬ 
ductors in the cables at the side of the track; and 

{c) Electrostatic induction from the trolley wires. ^ 

{a) Earth or leakage currents are likely to be greater 
than with a direct-current system, as the impedance of 
steel rails is greater with alternating current. 
Ministry of Transport do not appear to have laid down 
regulations as regards voltage-drop on the umnsulated 
rail return for this type of railway. A drop of 20 volts 
has been suggested as a reasonable figure, but it is a 
difficult matter to ascertain what the actual drop on 
the rails really is, as a reading, if made in the ordinary 
way, would include in addition to leakage the inductive 
effects of the system upon the testing leads and upon 
• Jomua 1924, mbI. S2, p. 213. 
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the^rails and pipes in the ground near the track. It is 
possible partly to avoid these effects in the testing 
leads by using'^res running nearly at right angles to 
the track with a long loop, but as regards rails ^d 
pipes it is a much more difficult matter, as ihe testing 
wires will form a closed patfi for the currents induced 
in the earthed bodies, and the direction of the current 
will be in opposition to the leakage current. 

(&) Electromagnetic &duction is the most serious 
feature of this system of traction. The power system 
of this type of railway is totally unbalanced in the case 
of the simple lay-out described later, and to some 
extent whatever precautions are taken. The funda¬ 
mental frequency of the alternating current, which ia 
usually 25, is such as to affect telegraphs, ^d it is 
generally telegraphs which are most seriously disturbed, 

(c) The trolley wires being charged to a high potential, 
alternately positive and negative, produce static induc¬ 
tive eMetts or electric charges in all neighbouring open 
wires. The effects are reduced if there are earthed 
structures or wires in the vicinity of the overhead 
power conductors or of the communication circuits. 

The results of induction or leakage to be expected 
theoretically have been worked out by a number of 


horizontal separations between the trolley and the 
communication circuit and the different percentages of 
the trolley current in the rails. For example, it has 
been determined that with 60 per cent rail current, 
that is, 40 per cent of the trolley current return flowing 
in the earth as stray current, the induced voltages per 
mile per 100 amperfs in the trolley are in general about 
10 volts, 5 volts and 1 volt, at 60 ft., 300 ft. and ^ 000 ft. 
separation respectively. Thus at 60 ft. separation with 
1000 amperes in the trolley a 10-mile •exposure would 
result in an induced pressure of 1 000 volts. These are 
maximum figures, in that they are based on the assump¬ 
tion that power is supplied in one direction only. 

The worst conditions occur when the system has a 
simple lay-out, shown in Fig. 31, where the power 
system is quite unbalanced. Examples of this type of 
working are the Lancaster-Morecambe-He 3 rsham section 
of the L.M. and S. Railway, the original New York, 
New Haven and Hartford Railway in the U.S.A., and 
others on the Continent. Ekperience with the system 
led subsequently to the introduction of modifications 
in the lay-out of the New York, New Haven and Hartford 
Railway and, it is believed, of many of the Continental* 
lines. 



investigators, but, as in all these cases of interference, 
the assumptions are many and the treatment is com¬ 
plicated 6y the very numerous factors. The electro- 
^atic effects axe very considerably modified by the 
presence of earthed bodies, wires, etc., in the neigh¬ 
bourhood of the power circuit and the co mm u n ication 
circuit under review, and the electromagnetic effects are 
similarly greatly influenced by the amount of current 
straying from the rails. Where calculations have been 
made, however, very fair agreement with actual effects 
lias been recorded. Such a comparison between theory 
and practical results is given in the Elehtrotechnische 
Zeitschrifi of the 6th, 13th and 20th May, 1916, in a 
communication from O. Brauns of the (^rman Tele¬ 
graphs Test Office on the disturbances to telegraphs 
in t^e neighbourhood of the Albtal Railway, the 
Wiesental Railway and the Dessau-Bitterfeld Railway. 
A most informative paper on the effects of a.c. raHroads 
on ^communication circuits, by H. S. Warren, is con¬ 
tained in the Transactions of the American Institute 
(1918, vdk. 37, p. 603). This gives particulars of the effects 
produced by four important American railway electrifica¬ 
tions on telegraph and telephone circuits, and, whilst 
many of the effects are very serious, Mr. Warren is not 
pessimistic even as to the reduction of the excessive 
interference during abnormal conditions on such railways. 
As indicating the values of induced voltages, Mr. Warren 
takes 100 amperes ir^^the trolley wire for different 


It may be of interest if a few figures are given which 
indicate generally the effects experienced on circuits 
running parallel with the New York-Hartford line. 
In one case on a length^of 23 miles, with a separation 
varying between 100 and 6 600 ft., the circuits had 
pressures of 300 volts induced in them. Circuits in 
cables situated from 300 to 6 600 ft. from the railway 
and roughly fterallel for 26 miles had 170 volts induced 
at times of heavy load. Even a line 4—6 miles distant 
and parallel for 30 miles had induced pressures of 
40 volts. In addition.to the above voltages which were 
produced by the fundamental current of 25 frequency, 
thfere were higher frequencies produced by the motors 
when the trains were running, and these had a serious 
effect on the toiephone circuits. When short-circuits 
occur between the railway trolley wires and the ra^ 
the voltages induced in the communication circuits 
reach values much larger than under normal con¬ 
ditions. These hfgher voltdges operate the protectors 
and ring the subscribers' bells. 

To overcome the large induced voltages, "•neutralizing 
transformers " have been used on the telegraph and 
telephone cfrcuits, with fairly satisfactory result. The 
application of these neutralizing transformers is based 
on F. Scott's patent specifications Nos. 14762-3/1907. 
Fig. 32 glustrates the underlyii\g principle. The trans¬ 
formers contain either 18 secondary pmrs and 8 primary 
pairs, or 22 secondary p^s and 8 primary pairs. The 
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wires joined to the primary cqils are earthed at each 
end of the route or section exposed to the influence of 
the electric railway, and it is arranged that the induced 
effects of the primary wires tend to neutralize through 
the transformer the induced effect of the power circuits 
on the secondary circuits, that is, the circuits to be 
protected. The transformers are so designed that at 
a frequency of 26 cycles per second, and with a normal 
E.M.F. induced by the railway power circuit, an induced 
potential of 75 volts is produced on the secondary 
circuits opposing that due to the railway circuit. By 
arranging for a suf&dent number of these transformers 
in series, it is therefore possible to nullify any induced 
potentials, each transformer disposing of 76 volts. The 
transformers give a transmission loss on all telephone 
circuits to which they are connected. This amounts 
with three transformers in a circuit to 0*6 mile of 
standard cable. It is stated that there is no appreciable 
'' cross-fire'' between the telegraph circuits working on 
the transformers, which will probably be the case with 
circuits worked at hand speed, but it is doubtful whether 
high-speed working would not be affected. It should 
be noted that the transformers are effective only in 


The’results of subsequent investigations on qther 
wires in the neighbourhood as to the neutralizing effects 
produced by earthed wires and negalive boosters are 
given in the paper in the Elektrotechnische Zeiischrift 
previously referred to. The amount of current found 
to stray from the rails varied in-the three railway, it 
being 66 per cent on the Albtal Railway, 40 per cent 
on the Wiestental Railway, and 36 per cent on the 
Bitterfeld line. By the use o7 an earthed wire wiiii an 
impressed " reverse voltage, i.e. a voltage 180 degrees 
out of phase with the trolley wire, the electrical effect 
on a neighbouring wire, as measured by the charging 
current, showed a reduction of 63*7 rnilliamperes to 
3*96 rnilliamperes, i.e. a reduction to 7*4 per cent. 

As regards electromagnetic induction, it was found 
that wires in cable were affected to the same extent as 
open wires at equal distances from the rails. On the 
wires running parallel to the Bitterfeld railway for 
22 km, with 100 amperes in the trolley wires the induced 
voltage varied between 90 and 96 volts according to 
the position of the wires on the arms. Four booster 
transformers of a type described later were provided 
to reduce the current stra 3 dng from the track. This 
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reducing voltage effects and have yielded no improve¬ 
ment in respect of the high-frequency noise on the tele¬ 
phone circuits. The transformers are very weighty, 
the heaviest type weighing about 1 600 lb., and they 
have to be protected by lightning arresters, which give 
considerable trouble. .The railway company subse¬ 
quently altered their system of distribution, and details 
of this are given later in the paper. 

The original single-phase railway between Dessau 
and Bitterfeld, Germany, was also worked with '•the 
simple lay-out referred to, a voltage of 16 000 at a 
frequency of 16| per second being employed. Wilh 
the commencement of working, the telegraph line in the 
vicinity carrjdng foreign circuit could not be used, the 
circuits having to be diverted to other routes. Some 
tests made on the abandoned wires* by O. Brauns are 
of interest. From the observed tests it was shown that 
with a 25 ^niles’ exposure, and with full load on the 
power hne, a voltage of 800 would be induced in neigh¬ 
bouring telegraph circuits. With a moderate load, 
260 volts was actually measured, and to quote from a 
translation of an article on the subject: It is <;^use- 
quently no longer remarkable that arc lamps which 
were connected to the wires at. the Dessau Telegraph 
Office burned wSl.*' 


had the effect of reducing the induced voltage tp between 
6 and 19 per cent of the previous'figures, according to 
the position of the train in the booster section. 

The single-phase line on the London, Miffiand and 
Scottish Railway between Lancaster, Morecambe and 
He 3 rsham was opened in 1908. The system is worked 
with a voltage of 6 000 to 7 000 at a frequency of 26, 
and the simple lay-out is employed, the feed beirfg into 
the trolley wire with a rail return. The rails axe 
connected to earth plates in the River Lune at Lancaster 
and in the sea at Morecambe and Heysham. It is 
stated that recording instruments in these earth con¬ 
nections have not indicated any current pass^g .to 
earth. The Post Office had a few wires on the rail¬ 
way, the greatest exposure being a distance of about 
3*6 miles. A number of tests made showed tha^the 
electromagnetic effect resulted in a pressure of 15 volts 
being induced in these circuits. This was a-^a time of 
light load and would no doubt be considerably higher 
with heavy traffic. There was a certain amount of 
interference with the telegraphs, but it was found 
possible to bias the instruments so that they work 
satisfactorily. 

Some interesting experiments were carried out in 
co-operation with the railway ^mpany's engineers. In 
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the case tests were taken to ascertain what actual 
loss of speech was occasioned by the noise induced in 
a telephone drcnit by the railway. It was found that 
a telephone circuit running for a portion of its route 
on the railway had a speech value of 7 miles of standard 
cableT with the railway-not working. This was increased 
to IS miles of standard cable with the railway in 
operation, i.e. there'was a loss of 11 miles in audibility 
owing to the inductive ^effects of the railway. The 
wires of the circuit concerned were not twisted, however, 
and the railway company erected a properly revolved 
loop to ascertain whether the trouble could be overcome 
by that means. The experimental loop was found to 
be noisy, although the wires were properly regulated. 
With the railway not working, the circuit had a standard 
cable measurement of one mile; and with the railway 
working this was increased to 8* 8 miles. 

Anotlier point was also investigated at the same time 
by the aad of this specially erected line. That was 
to ascertain what reduction in the electrostatic ejffects 
was produced by earthed wires in the neighbourhood. 
The railway company had provided an earthed wire 
between the contact wire and the telegraph route for 
this purpose. The position of affairs is shown in 
Figx 33, which also indicates the position of the specially 
erected experimental line. The effect of this earthed 
wire, combined with that of the earthed telegraphs on 
the same line as the circuit under test, resulted in a 



Fig. 33.—Showing relative positions of experimental lines 
and contact wires. 


milliammeter, and the other wires were S3rstematically 
earthed or disconnected as shown in the following 
table, in which are also shown the current readings 
with the varying conditions :— 


Table 4. 


liOlli- 

amperes 

< 

* Conditions of*other wires 

• 

observed 

iiiNo.1 

Saddle wire 

No. 2 

No. 8« 

No. 4 

26-1 

Dis. 

Bis. 

Bis. 

Bis. 

21*9 

Earthed 

Bis. 

Bis. 

Bis. 

18*6 

Bis. 

EariJhed 

Bis. 

Bis. 

18-9 

Bis. 

Bis. 

Earthed 

Bis. 

18-6 

Bis. 

Bis. 

Bis. 

Earthed 

16-3 

Earthed 

Earthed 

Bis. 

Bis. 

12-3 

Earthed 

Earthed 

Earthed 

Bis. 

9-9 

Earthed 

Earthed 

• 

Earthed ' 

Earthed 


The current strength will depend upon the resistance 
of the connection to earth. With similar conditions • 
the charging current will be J — 2ufOV, where / — fre- 
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PiC}., 34 .—Sayers's method of reducing interference. 


cronsiderable reduction of the electrostatic potential. 
By comparison it was proved that the wire shown in 
the saddle position on the right-hand side of the figure, 
that is, on the side not provided with an earthed screen¬ 
ing wire, was 320 volts, whilst the wire on the ridge of 
the sc?;een'Side and of the same length as the other wire 
was charged to 48 volts only, a reduction of about 
86 per cent. At the time these tests were taken, the 
sad4te wire was the only one in position on the un¬ 
screened side. The tests were taken with a multi¬ 
cellular vQltmeter and were roughly checked with a 
current measurement of the charge by earthing at one 
point through a high resistance, a thermo-millianameter 
being used for the current measurement. These tests 
were taken with no trains running. 

To ascertain more definitely the screening action of 
one or more wires on the same poles. No. 1 wire (shown 
in Fig. 33) was earthed at one point through a thermo- 


quency, O «= capacity of communication circuit to earth, 

and V — charging pressure in the wire. 

It may be of interest here to refer to a method, 
patented by Mr. Sayers* of the L.M. and S. Railway 
Company, for eligiinating or reducing electrostatic and 
electromagnetic induction between contact wires and 
electric traction systems and adjacent communication 
circuits. Fig. 34 is a reproduction of the drawing in 
the patent specification. The method is briefly as 
follows:—^Two special wires run in proximity to the 
wires interfered with where they are parallel to the 
railway. The special ^vires are charged from a dynamo 
which is ruifhing off the same shaft as the generator 
supplying the contact wires. The effect produced by 
this (Jynamo in the special wires counteracts the electro¬ 
static disturbance produced by the trolley wires on the 
neighboi:&ng circuits, as the two* effects are 180® out of 

• Pateat No. 13 168/1900. 
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phase. In addition, the trolley wire is taken through 
a double transformer, of which the special wires form 
one of the windings. This arrangement is for counteract¬ 
ing the electromagnetic effect produced by the contact 
wire, as the currents in the contact and special wires 
will be similarly 180® out of phase. The author under¬ 
stands that this system,was not actually brought into 
use. 

Mr. Sayers also devised another method for reducing 
interference, anrf this was quite successful when tried 


Po\Ner W/r€ 6600v.25^ 



experimentally by him. This is illustrated in Fig. 36. 
It will be seen that the telephone wires are electrically 
connected through condensers to the secondary of the 
transformer, the primary of which carries the power- 
circuit current. One of the condensers is variable. 

The Brighton section of the Southern Railway is of 
interest in that a serious attempt has been made in the 
lay-out to prevent leakage and electromagnetic induc¬ 
tion, and, although complete success has not been 
attained, the steps taken have undoubtedly minimized 


to this distributor outer, but on the subsequent extensibn 
this has been modiffed, the rails being bonded together, 
and connected to the distributor outer at intervals. 
The other return conductor, called a booster cable, 
is connected to the distributor outer, and thus to the 
rails, at a few points only. Botll these cables run 
beside the track, and if the whole of the current returned 
in them it would have a consid^able effect in counter¬ 
acting the electromagnetic induction from the contact 
wires and the distributor. The action of the booster 
cable is as follows:— 

At most of the feeding points a portion of the current 
is taken through a 1 to 1 transformer, to the secondary 
of which is connected the booster cable. The effect of 
this arrangement is to suck back the current through 
the booster cable, the E.M.F. produced by the trans¬ 
former on the rails opposing any current returning 
in the rails. This action is illustrated in Fig. Sir 
Philip Dawson has stated * that the distributor outer and 
the booster cable accounted for the whole of the return 
current between them, tests showing that with the 
booster cut out the distributor outer carried 84 per cent 
of the current and the booster 16 per cent. With the 
booster in operation, however, the booster cable carried 
back 100 per cent. 

In spite of this arrangement, however, a considerable 
amount of trouble occurred with the opening of the 
section to the Crystal Palace and Tulse Hill. Many 
police and fire-alarm circuits were interfered with, and 
some public telegraph circuits. The operation of the 
latter was improved by the use of resonant shunts of 
the type already described. The faults caused on the 
police and fire-alarm circuits were sporadic and it was 
considered best to divert these and* the police circuits 



Fig. 36. —Booster and booster cables—Southern Railway (Brighton section). 

The booster transformer produces between A and B an E.M.F. opposing that of current returning in the rail, return cable and earth, whilst providing 
an alternative low-resistance path through the booster cable. 

■ ' > PaUi for power circuit and return without booster. 

- Keturn current with booster. 


considerably the injurious effects likel^ to arise from 
those causes. The contact wires are sectionalized and 
are fed from feeder or distribution cables laid alongside 
the track. This reduces the^lectroma^etic disturbance 
to some extent, compared with the simple lay-out, as 
the current being fed into the trolley wire from opposite 
directions tends to neutralize the effects on neighbouring 
circuits. The principal steps have, however, been 
taken with the return of the currents, two conductors 
being employed to assist the return, apart from the 
rails and earth. One of the return conductors— 

** distributor outer ** —^is* connected to the rai^ by a 
copper bond. In the original installation between 
London Bridge and Victoria,-^acfe rail was connected 
VOL. 62. 


from the track. The noise produced in the few t^ephone 
circuits concerned was not great—certainly not> so' 
disturbing as that experienced on circuits near the 
Lancaster-Heysham line. It should be observed, how¬ 
ever, that the majority of the circuits affected w€ie 
only exposed for short sections of route. A number of 
tests were made which showed that the elecfirostatic 
effects were inconsiderable. This is probably due to 
the earthed structures carrying the contact wires and to 
the numerous earthed telegraph wires on the routes. 
The electromagnetic effects could not, however, be 
ignored. On a telegraph line running parallel to the 
track for about 6 miles, with a separating distance 

♦ MimiesofProcudinssofihfilnsiitulion of 10H,v6L186,p. 1. 
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varying between 20 and 90 ft., SO volts (R.M.S.) was 
induced. 

There are no high-speed telegraph circuits on the 
railr/ay as at present electrified, but tests with high¬ 
speed transmission showed that satisfactory working 
would not be possible on this particular line. Perfect 


employed on the So&them Railway (Brighton section). 
Figs, 37, 38 and 39 indicate the application. The 
method can be followed from the figures, the object 
being in all cases to reduce by means of boosters the 
current straying from the rails, with the addition in the 
last two cases of line connections which tend to neutralize 



Fig. 37. —Booster transformer—direct in rails. 





Fig. 38. —Booster transformer with supplementary return. 


fletarn 



Fig. 39. —^Booster transformer with supplemental^^ return and feeder. 


Fezdcr- 



Fig, 40. —Lay-out of New- York-New Haven Railway. Single-phase railw^iy electrification : auto-transformer 

distribution system. 


signals'./could be transmitted, with the railway not 
working, at 200 words per minute. With an induced 
voltage of 20 these signals were unreadable. Even with 
lower speeds, such as 40 words per minute, an induced 
voltage of 11 mutilated the signals. 

There are other methods of producing better balance 
on this type of railway which are variations of that 


further th^ effects of the current in the contact wire by 
providing return overhead conductors. 

The New York, New Haven and Hartford Railway 
actepted a different method of working in the early part 
of 19Jb4, the general lay-out «being shown in Fig. 40. 
A 25-frequency cmxent is delivered from the power 
station at 22 000 volts. ♦ One terminal of the 22 000-volt 
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transformers is connected to four Jeeders, two on each 
side of the track. The other terminal of the 22 000-volt 
transformer is connected to the trolley wires in multiple, 
the middle point of the 22 000-volt transformer being 
connected to the rails. There is thus 11 000 volts 
between the trolley wires and rails, 11 000 volts between 
the feeders and rails, aivi 22 000 v^lts between the 
trolleys and feeders. At intervals of about 2 miles 
. west of the power-station, and at greater intervals east 
of the power station, there are connected between the 
trolleys and feeders 2 000-kVA auto-transformers having 
the middle point connected to the rails. These trans¬ 
formers are for the purpose of balancing the load on 
the system. With this scheme of distribution, assuming 
a train to be located in a section between two auto¬ 
transformers, the current delivered to the locomotive 
from the trolleys would flow along the rails in opposite 
directions from the locomotive, the division of current 
east and west depending upon the location of the train, 
and portions of tlie current ■\^ould be dehvered back to 
the overhead wires by the auto-transformers on either 
side of the location of the locomotive in about the fol¬ 
lowing ratio: 

Assumijag-that the current flowing in* the rails in one 
direction from the locomotive is unity, 40 per cent 
would be delivered to the overhead system by the 
nearest auto-transformer; 40 per cent of the remainder, 
i.e. 24 per cent of the total, by the second, and 40 per 
cent of the repiainder by the third, and so on. This 
scheme tends to minimize disturbances upon paralleling 
telephone and telegraph lines, for the following reasons:— 

(1) Excepting where the load is near the .end of the 

line or near the power house, the unbalanced 
currents in the rail and earth flow in opposite 
directions from the location of the locomotive 
and in about equal amounts ; and 

(2) The distance over which the track currents flow 

is greatly reduced. • 

It is stated that this method has been of much benefit 
in reducing stray currents and has effected improvements 
in the inductive problem connected with this railway. 

The author is, perhaps naturally, prejudged against 
a system of electric traclion which is likely to have 
such deleterious effects on communication circuits, but 
he is not without hope that a satisfactory solution of 
the problem will be found. It has apparently not been 
found so far, as a recent communication in the Teknisl^ 
Tidshnft (vol. 63, pages 45-51) by A. Holmgren, states 
that the shifting of the telephone liges from the 
Stockholm-Gothenburg railway will cost 68 million 
kronor (say £400 000) for the ordinary lines, and 
17 million kronor (£100 000) for the railway com¬ 
munication lines. This fact is significant, following, as 
it does, an inquiry by the Swedish Government into, 
the matter. • 

Electric light and power systems ,—^Electric light and 
power systems in this country are classified According 
to voltage employed under four headings : 

Low pressure : up to 250 volts. • 

Medium pressure : £60 volts to 660 volts. 

High pressui^ : 650 volts to ^3 000 volts. 

Extra-lugh pressure : above ^000 volts. 


It has not been usual to employ direct current at 
higher pressures than 500 volts on electric light and 
power circuits. Distribution of energy the great 
majority of cases is by means of underground plant, 
but there has been a considerable increase in the number 
of overhead lines in recent years. 

Leakage ,—Electric light and power systems are not 
allowed to have more than one^, earth connection on 
each distinct circuit, with certain few exceptions, and 
this restriction has an important bearing in preventing 
interference by leakage currents. The Regulations of 
the Electricity Commissioners lay down that the insu¬ 
lation of a power system shall be such that not more 
than 1/1 000th part of the maximum supply current 
returns via the earth connection. 

Interference by leakage currents occasionally occurs 
as the result of faults on low- and medium-pressure 
power sj^stems, but they are not common. .Faulty insu¬ 
lation on a power system may not in itself actually 
result in leakage currents affecting telegraphs or tele¬ 
phone circuits, but may produce inductive disturbance 
owing to the unbalancing of the currents in the different 
conductors of the power S 3 rstem, An example of this 
type of case was that which occurred many years ago 
when practically tlie whole of the telegraph service to 
the Continent was stopped owing to the use of the- 
earth as a return on the 10 000-volt single-phase system 
between the West End of London and Deptford. The 
power-cable route followed the South-Eastern Railway, 
on which were also the Continental telegraph circuits, 
and it was the inductive effects which interrupted the 
service. The interruption was reported in the Press at 
the time as liaving been due to an electric storm.*' 

Induction ,—So far as inductive effects are concerned, 
the great majority of electric light and power systems 
used generally for distribution purposes do not materially 
affect communication circuits. Only metallic circuits 
are allowed, and the use of underground cables pre> 
dominates. Where underground power mains‘'cause 
trouble, it is usually associated with the employment 
of a generator having a bad wave-shape on a three-phase 
system with the neutral point earthed. In other cases, 
trouble may arise from faults. For instance, the outer 
of a concentric cable carr 3 dng single-phase current 
may develop an earth, and this may result in different 
values of current in the inner and outer conductors 
owing to the leakage, as concentric cables are usually 
definitely earthed at the feeding point. Cases of inter¬ 
ference with overhead telephone circuits have occurred 
from both these causes. The author has had experience 
with one rather severe case of interference from an 
underground three-phase line affecting an overhead 
trunk line running parallel to it for about 3 miles, some 
features of winch are perhaps worth mentioning. Thn 
system was a 6 000-volt one with the generator earthed 
at the neutral point and feeding direct into the Cables, 
winch were of the usual type, armoured, lead covered 
and laid direct in the ground, except for certain sections 
where the cable was placed in troughing filled in solid 
with bitumen. The inductive effect was found to be 
entirely due to the charging current produced by the 
third harmonic and its multiples. The noise in 
the trunk drcuita disappeared witU the removal of the 
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earth connection. A curious result was noticed when 
listening with a search coil on the cable route. Whilst 
a very pronounced note waS picked up at all points 
where the cable was laid direct in the ground, at places 
^here the cable was laid An the bitumen, and in the 
station where th6 cable sheathing was isolated from 
eartli, hardly any noise could be heard. This effect 
was no doubt due to^^the whole of the earth capacity 
current being in the sheathing at these latter points 
and so neutralizing the effect of the capacity current 
in the cores. In passing, it should be remarked that 
the trouble was cured in the first instance by removing 
the earth from the alternators and providing an alterna¬ 
tive earth at a transformer in the generating station. 
Later, a very high resistance (paper layers) was substi¬ 
tuted for the direct earth connection at the generators, 
with satisfactory results. 

As might be anticipated, overhead power lines are 
more likely to produce interference than those under¬ 
ground, and serious cases are confined to high-pressure 
and extra-high-pressure systems. The fact that over¬ 
head power-transmission systems follow cross-country 
routes has no doubt been a saving factor in this country, 
as there is much less chance of communication lines 
'running parallel with power lines for any appreciable 
distance. 

Standard practice with power transmission is to 
employ a three-phase 3-wire system. With pressures 
up to 11 000 volts, generators feed directly into the 
overhead lines. Above that pressure, step-up trans¬ 
formers are employed. Fig. 41 illustrates various 
arrangements that may be made:— 

{a) Generator to line. 

(&) Transformers delta-delta, 

(ij) Transformers delta-star. 

(d) Transformers star-delta, 
r (e) Transformers star-star. 

The**method employed for connections has a very 
important bearing on the possibility of producing 
interference owing to the development of the third 
harmonic or multiples tliereof. 

In the case of star-connected three-phase systems 
with the neutral point earthed, the third harmonic in 
eaph of the conductors is in phase and this causes an 
alternating voltage to appear between conductors and 
earth of a frequency three times that of the fundamental. 
With only one earth on the system, i.e. at the neutral 
point of the star winding, the three wires are raised or 
lowered in voltage simultaneously in respect to the 
earth, and the effect on neighbouring communication 
circuits is wholly electrostatic and, generally, telephone 
circuits only are affected. If the power system is 
extensive, however, and other conditions are favourable, 
telegraph circuits may also be interfered with, as the 
charging current may be of considerable magnitude. 
If there be a second earth on such a system, a single¬ 
phase current will circulate between the two points 
over the three conductors.in parallel, with the earth 
as return. This arrangement may be particularly 
undesirable from the point of view of interference, 

(a) Generators supplying three-phase current and 
having the neutral point earthed are very prone to 


produce third harmdnics and multiples thereof, and if 
such a generator be connected directly to an overhead 
line inductive troubles may be experienced on neigh¬ 
bouring communication circuits. The removal of the 
earth connection will remove the inductive interference. 
Modem practice, however, appears to be definitely in 
favour of working with an earthed neutral smd as, in 
addition, an earth may be required in connection with 
the operation of protective gear on ip.G power system, 
this course is usually objectionable and alternatives 
have to be found, if possible. Machines vary con¬ 
siderably in this matter of producing third harmonics, 
and it is frequently found that where several alter¬ 
nators are in use at a generating station, there is usually 
one which either is innocuous in this respect or produces 
very much less inductive interference; and if the 
earthing is arranged to be made at that particular 
machine, interference effects are removed altogether or 
made inappreciable. In otlier cases it may be found 
to have satisfactory resulfe if the earthing be done at 
the neutral point on a step-down transformer instead 
of at the neutral point on the generator. Fig. 42 illus¬ 
trates the arrangement. A transformer with a delta <5h 
the secondary s^de is the most effective, or^ alterna¬ 
tively, a zig-zag star-connected transformer would 
probably be equally effective. The rating of such a 
transformer would no doubt have to bear some 
relationship to the capacity of the system and to the 
characteristics of the protective gear eipployed. The ’ 
author has no information as to this. A simpler solution 
is the enaployment of a paper resistance in the earth 
connection. This provides what is practically an isolated 
neutral during normal conditions, and can be arranged 
to break down and provide a direct earth on the occur¬ 
rence of a fault. 

Where a generator has the neutral point earthed and 
supplies power to an overhead line through transformers, 
the type of connectioq. of the transformers is of great 
importance from the point of view of inductive inter¬ 
ference, The following briefly analyses the position 
(see Fig. 41). 

(6) Delta-delta. There is no inductive interference 
from the tlurd harmonic or its multiples. The third- 
harmonic magnetizing currerffc circulates in both wind¬ 
ings. There is a third-harmonic voltage in the windings 
but no thii'd harmonic in tlie voltage or transmission 
line. 

(c) Delta-star. The inductive interference effects are 
usually small. There is a third-harmonic magnetizing 
current in the ^nmary winding only. A third-harmonic 
voltage appears between the lines and neutral on the 
line side and produces a third-harmonic current between 
the lines and earth. 

(d) Star-delta! The inductive effects are only on the 
primary side. The tloird-harmonic magnetizing current 
circulates in the secondary winding onlf. The third- 
harmonic yokage appears between the line and neutral 
on the primary side. There is no third-harmonic 
voltage or current in the transmission line. 

^e) Star-star. This is the worst condition for induc¬ 
tive iiiterference. There is #no third-harmonic mag¬ 
netizing current. 4 third-harmonib voltage appears 
between the lines ^n<t neutral on both primary and 
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secondary sides, and the third hawnonic current flows 
between the lines and earth if the neutral is earthed. 

It will be seen that (5), delta-delta, is the best arrange¬ 
ment, and ( 5 ), star-star, the worst. A tertiary winding 
in the latter case will reduce the inductive eflects. 

The usual arrangement in this country is delta-star 
with the neutral point earned. 


supply of electricity. Earth connections made for other 
purposes may be approved by the Electricity Com¬ 
missioners subject to the concurrence of thcnPostmaster- 
General. The general practice in this country has been 
to allow only one earth connection on each distinct 
circuit. There have been exceptions-; for instance, ill 
the case of the constant-current series system of the 



Interference from balanced voltages and currents on' 
the power lines is not usual in this country. These 
effects depend upon the formation of the power lines, 
separation between the conductcirs and, as in all cases 
of interference, the distance between the power line and 
the communication circuit. It can be taken that the 
greater the spacing of the power conductors, the greater 
will be the magnitude of the inductive ^ects from 
these causes. Power wires have, however, to be given 
ample spacing in order to avoid short-circuits from 
wind, birds, etc. The avoidance of short-circuits is 
of importance from an interference point of view, as 
well as from the operating standpoint, as tr^sieni^ 
disturbances of a serious character may be caused by 
them. The power wires on supports either form 
an equilateral triangle, are horizontally in the same 
plane, or are’ arranged vertically one above the other. 
The last is the best arrangement, taking into account 
the effects of balanced voltages an<i currents. As 
pointed out in the relevant section, interference from 
balanced voltages and currents can be overcome by 
transposition of the power wires in the* exposed section, 
so that each power wire occupies each of the conductor 
positions for equal distances in relationship to the 
communication circuits. 

Multiple earthing on power systems ,—Power systeifis 
may be connected witl? earth in accordancee with 
Regulations made by the Electricity Commissioners for 
securing the safety of the public and ensuring a suf&dent 


Metropolitan Electric Supply Co., where an earth return 
on sections between substations is permitted in the 
event of repairs being required. It will be reme^ibered 
that on this S 3 rstem the direct current is maintained 
constant at 100 amperes, the voltage varying with 


l/ncs 



the load. The Electricity Commissioners^ earthing 
approval stipulates generally that the earth connection 
shall be made at a neutral point , on the system, the 
exception being in the case of a single-phase supply 
with a concentric cable having the outer earthed. The 
limitation of one earth connection is made primarily 
in the interests of the owners of communication circuits 
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^Post Office, railways, etc.) whose services might 
otherwise be injuriously affected. As pointed out earlier, 
interference^ay be produced by tlie residual voltages 
ai^ currents with one connection only on a three-phase 
system; and, theoreticaljy, two connections on such 
Systems have always been considered to be particularly 
undesirable, as charging currents in such circumstances 
become circulating currents through the two earth 
connections. Practical experience has confirmed this 
in many cases, as the earthing of power circuits at 
more than one point has caused serious interference, 
especially in those cases where three-phase generators 


second earth resulted in the speed of working on the 
submarine cable being raised by 12 per cent, and with 
it the need for another submarine cable disappeared, 
A very large sum of money was involved, as, the author 
understands, an expenditure of over £100 000 would 
have been required for the provision of such a cable. 

The great gro^rth of the power systems of the North- 
East Coast has brought into prominence difficulties in 
connection with the operation of protective gear where 
there is interconnection of networks "and only one earth 
coimection. The continuance of faults on this system 
m some cases resulted in serious disturbance to telegraph 
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Fig. 43.—^Neutral current on a 20 000-volt network; llth^ay, 1922. 


SCHEDULE OF TESTS. 


Time Neutral earthed at 

11 a.m. Philadelphia (instrument damaged). 

11.15 Philadelphia, Dunstoo. 

11.30 Philadelphia, Dunston, Carville. 

11.45 Philadelphia, Dunston, Carville. 

1.45 p.m. Philadelphia. 

S.O Philadelphia, North Tees. 

2.15 Philadelphia, Bowden Close. 

..2.30 Philadelphia, North Tees, Bowden Close. 

In the tests at 11.15 and 11.30, Philadelphia was solid 
Wladelphia enters, the earth is through a resistance. At 1 
over this period. 

Verti(^ lines having no curve continuation mean that 
curve represent maximum and minimum readings. 


Neutral earthed at 


2.45 p.m. Philadelphia, North Tees, Bowden Close, Dunston. 

8,0 Philadelphia, North Tees, Bowden Close, Dunston, Carville. 

3.15 Philadelphia, Dunston, North Tees. 

8.25 Philadelphia, Dunston, North Tees, Carville. 

8.35 Philadelphia, Dunston. ^ 

3.45 Philadelphia, Dunston. 

4.6 Philadelphia, Dunston, Carville. 

4.15 Dunston, Carville. 

to earth. At 11.45 Philadelphia earthed through the resistance. In all the other tests in which 
L16 and 3.25 North Tees should have been clear but was not, and no readings were taken there 

places were earthed but no readings were taken. Small barbs above and below the North Tees 


with 'Ihe neutral point earthed have been feeding 
directly into a system and a second earth has unwittingly 
been made at a transformer or auto-transformer in the 
;jjetwork. In 1920 it was found that the telegraph 
eifeuits between Newcastle and Sweden could not be 
worked at speeds high enough to carry the traffic, and 
the laying of another submarine cable was being seriously 
considered. No reason could be assigned for the failure 
to attain the proper speed of working, and power circuit 
interference, was suspected. With the co-operation of 
the power company the cause of the trouble was traced 
to a second earth connection having been inadvertently- 
made permanent following a fault. The removal of this 


and telephone circuits. In one instance a fire was 
started in a terminal hut by the induced voltages in 
the communication circuits. The power company 
pointed out that whilst tfie provision of more than one 
earth coimection might increase the interference from 
normal working of the power system, it -^ould certainly 
decrease the possibility of serious trouble arising out of 
momentary disturbances of larger magnitude, and would 
reduce the risk of these latter continuing for any 
af»preciable time. It was agreed that it would not be 
wise Jp have more than one j^oxth. on a circuit directly 
connected with a generator the neutral point of whidi 
was earthed, but i’jf w^ contended that with delta-star 
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transformers feeding a systeir;^ the triple*freqtiency 
currents would be small and would not be likely to 
increase to any extent the normal interference. Sir 
John Snell suggested that the matter should be put to 
the test by co-operation between the Post Office and 
the companies concerned, and a series of observations 
was arranged to be made with various conditions. The 
currents in the earth cbnnections were measured with 
the different combinations, and arrangements were made 
to note the effects on telegraph circuits with various 
t 3 rpes of apparatus, and also on telephone circuits. 

The currents in the earth connections at the various 
points are shown diagrammatically in Fig. 43. It will 
be noticed that the 0*6 ampere on one earth connection 
increased to 3*6 amperes with all the earths in use. 

The telegraph circuits under observation were not 
affected, and although there was an increase in telephone 
interference this was inappreciable. It should be 
pointed out, however, that the routes of the com¬ 
munication circuits unde^ii observation were not very 
favourable for interference. As the result of these 
tests, multiple earthing on the North-East Coast systems 
-^has been agreed to, subject to certain qualifications, 
which include an embargo on generators feeding directly 
into a^ircuit. The matter of interconnection of this 
latter type of system was dealt with in a paper ♦ on 

The Parallel Operation of Electric Power Stations,*' 
read by J. S. Peck before the Institution. 

Transient effects from abnormal condition's, —^The earth¬ 
ing of powbr lines by means of a Petersen coil has 
found favour in some countries. The purpose of the 
coil, which is a reactor, is to limit the severity of acci¬ 
dental faults which might otherwise interrupt service 
or endanger equipment. In this method, the neutral 
of the system is earthed through an inductance which 
is in resonance at the fundamental frequency with the 
total direct capacity of the S 3 rstem to earth. The 
arrangement has the effect of suppressing arcing faults 
to earth, tending to extinguish the arc and prevent it 
from re-striking. The effect of this on the interference 
problem was not apparently mentioned in Petersen's 
original description in the Elektrotechnische Zeitschrifi of 
the 2nd and 9th January, 1919, but it iis clear that, if 
effective, it will reduce, the chances of inductive inter¬ 
ference during abnormal conditions on a power system. 
The effect of the reactor in modifying the conditions 
as regards inductive interference during normal opera¬ 
tions has been analysed by H. M, Trueblood in<ian 
important article in the Bell System Technical Journal, 
July 1922. For the reduction of th^ effects of triple- 
frequency residual currents and voltages, the reactor 
appears to be preferable to earthing through a resistance, 
but, on the other hand, it will accentuate the effects of 
fundamental frequency if H:he power*line is unbalanced. 
It is possible, however, tliat the Petersen coil will not 
combine with any of the standard protective systems. 

A paper by S. Kudo and S. Bekku in the Journal of 
the Japanese Institution, May 1923, de?ils with the 
placing of a high resistance in the neutral earth con¬ 
nection, and states that this suppresses normal jnter- 
ference, but it is not known whether transient effects 
are reduced. * 

Journal LE,B„ 1917, W. 65, p. 61. 


Conclusions. 

It will no doubt be agreed that fhe problem of 
inductive interference is not simple, and, although the 
troubles cannot be said to be serious in this country, 
one can foresee that they may become so if due * 
consideration is not given to the possibilities. Many 
interests are concerned and the author would place 
responsibility for solving the problems in the following 
order:— 

First, the designer, who by producing machines free 
from harmonics can practically eliminate the whole 
trouble with telephone circuits. 

Secondly, the power engineer, who can plan his system 
to be balanced as regards loads and lines, employ 
transformers with connections least likely to cause 
trouble and worked at a low magnetic density, and by 
proper precautions and maintenance reduce faults on 
his circuits. .j, 

Thirdly, the telephone engineer, who, by designing 
his circuits and apparatus in such a way as to reduce 
the possibilities of out-of-balance and by the proper 
maintenance of his lines, can do much to avoid inter¬ 
ference. 

Fourthly, the protective-gear engineer, who, last but 
not least, will prevent those breakdowns which result 
in very serious trouble due to abnormal happenings in 
the power system. These may be transients but he 
must endeavour to make them micro-transients. 

It is perhaps impossible to produce rotating electric 
machines free from harmonics, and similarly it must 
be expected that there will be some distortion of wave¬ 
form in power transformers owing to the employment 
of iron in the magnetic circuit, but the author suggests 
that if those responsible are made aware of the signifi¬ 
cance of these features in connection with the interference 
problem, they will be kept within reasonable limits. 
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APPENDIX. 

Methot Sf Getting Rid of Telephone Interference 
FROM A Mercury-Arc Rectifier. 

By Professor E. W. Marchant, Member. 

A method has been devised by which the voltage 
ripple found in some types of converting machinery can 
be almost entirely got rid of. The particulai* case dealt 
with was a mercury-arc rectifier, and the oscillograph 
record of the voltage wave is shown in tig. 44. The 


Fig. 44.—Rectifier d.c. voltage: 470 V. 

voltage variation amounted to ±9-6 per cent of the 
average steady P.D., and when current was supplied 
for lighting purposes from the circuit it gave rise to 
considerable disturbance in neighbouring telephone 
lines. An analysis of the voltage showed that it con¬ 
sisted of a ripple of about 300-cycle frequency, but 
that there was also present a component of 600 cycles. 
The analysis also showed that the higher harmonics 
of the voltage wave were relatively small. The actual 
figures obtained in the analysis of the first, second, 
third, fourth and fifth harmonics were as follows:— 
(1) 9'6 per cent; (2) 2»6 per cent; (3) 0*8 per cent; 
(4) 0*83 per cent; and’(6) 0*42 ^er cent. It was 
thought that if the first two ripples could be eliminated, 
the remaining higher-frequency harmonics would not 
cause any serious trouble, and this actually proved 
to be the case. 

A method which suggests itself for a single-phase 
rectifier is to use a shunt consisting of an inductance 
and capacity in series^ and to adjust the inductances 
and capacities fp be of zero reactance for the ripple 
frequency and so practically tp s^ort-circuit the rectifier 


for currents of ripple frequency. Instead of appl 3 dng 
such a circuit to each arc circuit of the rectifier, it was 
decided to use a single circuit, tuned the frequency 
of the resultant ripple of which the analysis is |[iven. 
This arrangement (Fig. ^5) was found to be quite 
successful in dealing with the ”6 arc” circuit,'^he‘' 
ripple current through the shunt distributing itself 
along the different arc circuits in succession. If, 
however, this shunt circuit is^used alone, a relatively 
large current of several hundred amperes will pass 
through it and through the different arcs, and the 
rMuction in voltage variation will not be very marked. 



In order to limit the current, an additional single* 
inductance coil L' is placed in the main circuit of the 
rectifier, the currents through the various branches of 
the rectifier combining to flow through this inductance 
and being reduced to as small values as may be con¬ 
sidered necessary. The effective impedance of the sjiunt, 
for the ripple which it is desired to get rid of, is equal 
to its effective resistance only. The value of the effec¬ 
tive resistance, however, is not simply the ohjnic 
resistance, but includes the effective resistance due to 
iron loss in the choking coil (if iron is used)-.and also 
the effective resistance due to the dielectric loss in the 
condenser. This latter, however, is as a rule very 
small. The R.M.S. current, i, flowing through the shunt 
is determined by the magnitude of the voltage ripple 
and is equal to + (L'o))^, where v is the R.M.S. 

value of the voltage ripple, R is the effective resist¬ 
ance of the limiting inductanice and the shunt, L' is 
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th^ value of the limiting inductance and co = 27 t 
X (frequency of ripple). The voltage across the 
shunt when this current is passing is equal to iE, 
and the ratio of the voltage ripple before and after 
introducing this arrangement is, therefore, given by 
4* By increasing the value of L' in 

comparison with i?, it is therefore possible to reduce 
the voltage ripple on the main supply to negligible 
dimensions. In designing the shunt circuit the con¬ 
sideration which is of most importance is the maximum 
voltage wliich will be produced on the condenser; 
approximately tliis equals i/Oo} and, therefore, if the 
voltage is to be reduced, the value of the capacity used 
must be increased. At the same time, the value of 
LiO) must be kept equal to iJCiCt}, where ^ 2tt 
X (frequency of the ripple). The condenser of course 
prevents any direct current passing through the shunt 
circuit, and the current flowing through the shunt due 
to ripplos other than that for which the inductance and 
capacity balance, is relatively small. 

Owing to the high frequency of the ripple current, it 
is advisable to use an air-core inductance at Lj, and 
in some cases stranded wire, in order to reduce eddy 
currents in the windings. In the actual shunts used, 
the power condenser was insulated for 600 volts 
(maximum). It was decided to design the shunt so as 
to reduce the voltage variation from ± 44 volts to 
± 1 volt. The shunt was designed to carry a current 
of 10 amperes. The R.M.S. value of the voltage ripple 
was about 31 volts and the reactance of tlie limiting 
inductance (L'o)) was approximately 3 ohms. The iron- 
cored inductive coil 1/ was made with approximately 
this reactance and was arranged as shown in the diagram. 
There is a steady voltage of 460 on the condenser and 
therefore only 140 is available for the ripple, if one is 
to keep within the safe working limit of the condenser. 
The value of tlie capacity used was 100 /x-F, which gave 
a voltage-variation on the condenser of 63 volts (76 volts 
Tnax.). ^ rather smaller capacity might have been 
used, but it was thought better to provide an ample 
margin of safety against breakdown, as the maximum 


voltage due to the ripple may be twice the normal 
maximum voltage (i.e. 160 volts) at the instant at 
which the condenser is switched on. The power factor 
of the condenser is 0*0016 and the effective resistance 
is therefore 0*0085 ohm. The value of the reactance 


Fig. 46.—rectifier voltage; 1st circuit connected. 

IflO) in the shunt was 6 • 3 ohms, O) being equal to 600 -n*. 
This gave =s 0*00282 henry. A similar shunt was 
designed for the second harmonic for which the fre¬ 
quency is 600 cycles per second, and the maximum 
amplitude of the voltage was 11*6 volts. In this case 
a capacity of 60 firF was used and an inductance of 
0 • 00141 henry. The curren^flowing through this shunt 
was estimated to be about 2 amperes, and the resistance 
corresponding to this current, in order to reduce the 
voltage variation to 1 volt, would therefore be about^ 



Fig. 47.—C rectifier voltage; two circuits connected ; no 
load except auailiary resistance. 

0*6 ohm.* The shunts were adjusted by experiment 
before being ^installed, but, when being fitted, a coil 
connected to a valve amplifier was hung near the 
busbars and the shunts were adjusted until the noise 
heard in the telephone connected to the amplifier was 
a minimum. The effect of using these shunts is shown 
in Figs. 46 and 47. It will be seen that the ripple is 
very much reduced by -fising the first shunt only, and 
when both shunts are connected the voltage ripple 
shown on the curve (Fig. 47) is almost negligible. 



Discussion before The Institution, 10 April, 1924? 


“ 3Mr. A, J. Stubbs : We probably all recognize that 
the path of progress is to be looked for most advanta¬ 
geously in the way of co-operation. Some problems 
are awaiting solution, and others, which we fail to 
recognize for want of co-operation, can only be solved 
ipL that way. One instance of the benefit of co-operation 
is the cable relay of S. G. Brown. I think it is right 
to say that that relay could not have been designed by a 
tel^aph engineer as such, neither could it have been 
conceived by a power engineer as such. It is due to 
the adv^titious combination of the two qualities in 
one individual that we own that very useful invention. 
I have found that power engineers are very interested 
in the illustration on page 839. Given a power circuit 
in close proximity to a theoretically perfect telephone 
circuit, when, in the ordinary course of business, that 
perfect telephone circuit is put through to another less 
perfect circuit, it may very well be that, although both 


the original telephone circuits are good and useful by 
themselves, in combination they may possibly become 
uujworkable. It is reasonable to suggest that no power 
engineer in the course of his ordinary experience would 
imagine that su^h a result would occur. Again, it is 
difificult for the power engineer to realize the magnitude 
of the interests that are jeopardized by the minute 
details which the communications engineer has to 
press upon his notice. The •conductors themselves are 
smaller than the difference between two adjacent sizes 
of conductors which the power engineer uses; but the 
author shows on page 864 that inadvertently allowing 
a temporal^ second earth to remain on th power 
circuit in the short distance between Newcastle and 
the jpnglish coast nearly involved the laying of a new 
submarine cable at a cost of over £100 000. The 
author fiicludes in th biblid^aphy Prof. Hughes's 
researches on inductibn, but does not mention his 
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name on pages 831 to 889, and this omission 
seems to give countenance to the idea that the cross¬ 
over system is American. It is not. When the appli¬ 
cation in practice of Hughes’s researches was first 
introduced by Preece at the Post Office, the cross-over 
system was fully considered, but the fact that the 
sections of uniform routes in Eijgland were so short 
forced us to the conclusion thfit a complete transposi¬ 
tion of the circuits at every fourth pole was best calcu¬ 
lated to meet'•our requirements. I doubt whether, if it 
were possible to produce the plans of the cross-over 
system that I evolved by Preece’s instructions at that 
time, tliere would be found to be any material difference 
between them and Fig. 19 of the paper. 

Prof. E. W. Marchant: As the author says, the 
greater part of the trouble due to interference is caused 
by the higher harmonics which occur in power distri¬ 
bution systems. A frequency of 25 periods gives an 
unpleasant hum in a telephone, but does not seriously 
interfere with speech. Mr. Osborne gives the relative 
effects of current at 1 000 frequency and 25 frequency 
as 60 000 to 1. That seems to be a very big figure, and 
I should imagine that it would depend to a very con- 
sider^le extent on the observer. «I should be glad if | 
the ^thor would state whether any other figures are 
available in this connection. One matter which we 
have investigated to a considerable extent in Liverpool 
is referred to on page 841, viz. the presence of higher 
harmonics of current in the neutral return of a power 
distribution system. It is, of course, well known that, 
when there are a number of alternators in parallel (the 
neutrals being coupled togeth^), unless tlfe alternators 
are exactly similar to one another, very large currents, 
of three times the fundamental frequency, will flow 
between the neutrals, I do not think, however, that 
it is so generally known that if there is an earth on 
only one of the alternators, and these are connected 
to a three-phase cable network with earthed sheath, 
a very considerable current^flows from the generators 
through the capacity between the lines and the sheath 
to earth, and so back to the generators. The currents 
that will flow from the conductors to the sheath will 
be of either three times or a multiple ol three times the 
fundamental frequeney. I do not think that these 
currents are likely to cause any very serious interfer¬ 
ence between power circuits and telephone circuits if 
suitable precautions are taken, but it is well to realize 
that these currents flow, even when only one alterftator 
neutral is earthed, provided that the cable system is 
earthed also. They only flow between the earthed 
neutral point of the alternator and the earth of the 
cable system. It is, of course, comparatively easy to 
avoid harmonics in the voltage waves of alternators. 
An alternator which is •designed •to give a pure sine 
wave is certainly the best solution; but there are also 
other methods. The author says that he regards the 
earth connection as being an essential p^ of the tele¬ 
phone system. It seems to me that if main-line rail¬ 
ways are electrified, the prevention of interference with 
telephone systems if there is an earth conneciion on 
the telephones will bg a matter of very great difficulty. 
I should thinlj that the best way of getting rid of 
interference would be to ^us% metaUic circuits only 


on tefephone systems and to avoid earth cirjfuits, 
except in certain special cases. I should like to refer 
to the method invented by Mr. Tiroey and myself 
for getting rid of harmonics. The reason I do so is 
that Fig. 9 in the paper is not quite correcl:. The 
object of the method described was to get rid of^conJ- 
ponents in the pressure curve between the neutral 
point and any phase, which were three times, or a 
multiple of three times, thS fundamental frequency. 
If there are such harmonics present in an alternator 
there is no component of the triple frequency or multiple 
of the triple-frequency component in the voltage between 
the lines. The pressures in the three phases due to the 
triple-frequency components are in phase, and therefore 
there is no triple-frequency component in the line 
pressure. The only place where the triple-frequency 
component has to be eliminated is between the line 
and the neutral. The essential feature of the method 
is a connection, such as is shown in Fig. A,^oi shunts 


1 



indactaiLCe 

Fig. a. 


between the lines and the neutral with a view to getting 
rid of the triple-frequency component between those 
two points. The double set of shunts, and C 2 , 
shown in the figure can be used for getting rid of two 
of the high-frequency components of the pressure. 
The advantage of this arrangement is that a single 
limi tin g inductance can be used, which Q?ily carries 
the triple-frequency (or multiple of triple-frequency) 
shunt currents, and. which, therefore, need not be of 
such large dimensions as if it were carrying the whole 

load current. . 

Mr. E. Parry: The author refers on page 835 to 
some theoretical investigations of my own into the^ 
phenomena of electrostatic and electromagnetic* indue-, 
tion between power circuits and telegraph and telephone 
circuits. He also refers to some confirmatory experi¬ 
ments conducted by Messrs. Marsden and Caldwell. . 
Those investigations were instituted with the object of 
establishing a method of predetermining the induction 
for any given combination of circuits and disposition of 
conductors, and the results went a long way towards 
achieving that object. Amongst other results it was 
discovered that no correction is necessary to bring the 
equations into harmony with facts, in the pimple case 
of a single power circuit acting upon a well-insulated 
parallel conductor. Neither is any correction necessary 
on account of the proximity of other conductors, so 
long as they also are insulated. A considerable dis¬ 
parity was, however, disclosed between theory and 
experiment in the case of electrostatic induction between 
I a 66 000-volt power circuit and a pair of telephone con- 
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ducters carried on th same poles and distant only 
6 ft. 6 in. from the plane of the two lower conductors. 
The value of the^impressed voltage was observed to be 

I 730 yolts, as compared with 3 666 volts calculated. 
The disparity is evidently due to the fact that the 
insul&fx>rs supporting the telephone line were incapable 
of sustaining such a high voltage, and were draining 
the charge to earth. A much more interesting case 
than the one referred to? and one of more practical 
importance, is the case where a pair of three-phase 

II 000-volt power circuits occupy one side of a road, 
and telegraph and telephone circuits occupy the other 
side. Such a combination is of frequent occurrence in 
other countries, though rather an exception in Great 
Britain, and the question arises how far the two 
services.can be run in parallel under given conditions. 
I now submit a contribution to the solution of the 
problem, which may be of particular interest to some 
members ®bf the Institution. The power circuits are 
three-phase and each circuit consists of 19/14 con¬ 
ductors triangularly spaced 2 ft. apart. The plane of 
the two lower conductors is 27 ft, 4 in. above the 
ground, and a distance of 6 ft. 4 in. separates the upper 
conductors of the two circuits. The telephone or tele¬ 
graph wire acted upon is assumed to be No. 11 S.W.G. 
and the frequency is 60 cycles per second. The 
pressure between phases is 11 000 volts, and the current 
is assumed to be 100 amperes per phase. Fig. B 
shows the variation of the electrostatic induction with 
the distance measured from the centre line of the pole 
carrying the two power circuite to the vertical line 
through the telephone or telegraph wire, and the 



Fig, B.— ^Electrostatic induction between power and 
telephone circuits. 

SO ^ tl^e-pha*. 

impressed voltage is given for fliree conditions of 
In the first case the two power circuits are S3munetrical, 
in the second case the phase of one circuit is rotated 
in space through 120" with respect to the oth er cir¬ 
cuits, and in the third case the phase of one circuit 
is rotated through 240" in respect to the other circuits. 
It will be seen from the figure that the lowest induced 


voltage is obtained undefi: conditions specified in case 2 
above, also that the induced voltage at a distance of 
about 66 ft. is of the order of 10 volts. Fig. C shows 
the electromagnetic induction in volts per mile at 
different distances between the circuits and for the 
three different conditions already specified in the case 
of the electrostatic Eduction. Jt will be noted that 
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Fig. C.—^Electromagaetic induction between power and 
telephone circuits (100 amperes, max. value, •in^ each 
power circuit). 

Power circuits: 10/14 at 2 ft. spacing. Telephone circuit: No. 11 S.W.G. 


the curves for cases 2 and 3 merge at a distance of 
about 32 ft. and that the values of the induced voltage 
for distances in excess of 32 ft. are one-half that in 
case 1, the value in cases 2 and 3 at a distance of 
66 ft. being 0*^6 volt per mile per 100 amperes. The 
figures do not, of course, represent the whole of the 
circumstances, but they form a basis of discussion and 
of an arrangement between the two conflicting interests. 

Mr. W. J. Thorrowgood: At the time when the 
City and South London R^way was first brought into 
operation the London and South-Western Railway had 
a telegraph circuit between Nine Elms and the City in 
Arthur-street, just near London Bridge, and after the 
trains had started we were surprised to find that a 
stray current fi(5wed which interfered with the working 
of ^e telegraph. We^ found that the addition of a 
resistance to the circuit reduced the stray currents from 
the electric railway so that it did not interfere with 
the telegraph. The voltage of the working battery 
was increased to compensate for the added resistance. 
We generally find that there are two sorts of inter¬ 
ferences, for short^istances and for long distances. I 
am more interested in short distances because of the 
signalling and block circuits on the line which are, of 
course, very much more iu^ortant than telegraph 
circuits. We find tnat for all these short circuits the 
only remedy for stray currents is to provide insulated 
metallic circuits. In the electrified area add in the 
neighbourhood of London, and also many places in the 
vicinity of tramways, we have to provide metallic 
circuits throughout for both telegraphs and signals for 
short rdistances. Short-circuits on electric lighting 
systems aje sometimes very serious in their effects. 
For instance, a short time ago the main switch of an 
electric motor in a saw-mill, was put to earth, with the 
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result that all the earth circuits for three miles around 
were aftected. On one of our telegraph circuits between 
London and Shepperton we have to add a resistance of 
900 ohms in order to reduce the stray currents suffi¬ 
ciently. As a matter of fact the earth all over the 
country has a difference of potential from one spot to 
all others, and this^ potential ^sxies continuously, 
Table*A gives some of the measurements which I have 
taken. Although telegraph engineers have asked power 
engineers to ^ve them consideration, I think that they 
themselves have to give consideration and readjust 
their apparatus so as to come into line. On the South- 
Western section of the Southern Railway we have 
numerous telephones over the electrified area and 
there is no interference at all. As to the proximity of 
the telegraph wires and telephone wires to the power 
line, with a railway it is rather a serious question to 


this country, in Sweden, in Switzerland, in Fran(^, in 
Italy, and in practically every country in Europe, are 
not open-wire lines but cable circuits. The author 
may reply that with cable circuits one can neglect 
interference; in fact, on page 820, in one of 2he few 
references that he makes to cable circuits, he-^ayfs 
after referring to certain disabilities present in the case 
of open-wire lines: ** Circuits in underground cables 
are, of course, not included'^ in the above list of dis¬ 
abilities.” With telephone or telegraph cables, pro¬ 
vided the sheaths are earthed, electrostatic induction 
is, of course, eliminated and the standard of precision 
in the manufacture and installation of good modern 
telephone cables is so high that the effects of electro¬ 
magnetic induction are very materially reduced. Cables, 
however, are not a certain cure. The author refers on 
pages 846 and 847 to two good examples which show 


Table A. 


Difference of Fotential between Towns, as measured, by Stray Earth Currents, 


Circuit 

^ • 

^ Distance 

Kesistance 
of circuits 
tested 

Average current 
varying in 
direction 

Occasional 
momentary value 
of current 

Difference of Fotentjal 

Waterloo-Woking 

Waterloo-Guildford 

Waterloo-flPortsmouth .. 

Waterloo-Salisbury 

Waterloo-Exeter 

Exeter-Waterloo 

Waterloo-Exeter 

Waterloo-Exeter 

Waterloo-Southampton 

Waterloo-Bartford 

Waterloo-London Bridge 

• 

miles 
24*5 
30*0 
73*26 
83-76 
171*6 • 
171%5 
171*5 
171*5 
78*5 
19*0 
1*25 

ohms 

312 

202 

803-76 

3 247*6 

7 000*0 

7 000*0 

6 676*0 

3 624.0 

2 286*26 

2 634 

1 600 ohm 

i 

mA 

2 to 6 

4 to 10 

Oto 10 

0to3 

0-1 to 0*4 
0-2 to 1*0 
0-16 to 0-4 
0-2 

0 -,l to 1 
nil 

IS added to cii 
flrcuit put throi 

mA 

20 

20 

16 

cuit which Vi 
igh to Dartfo 

volts 

0*624 to 1*872 and 6*2 
0*81 to 2*025 and 4*06 
Oto 8*03 and 12*02 

Oto 9*74 

0*7 to 2*8 
l*4to7*0 

1*068 to 2*67 

0*7048 

0*2285 to 2*285 

'as dispensed .with when 
rd. ^ . 


Tests were made on different days. The stray currents varied in strength and direction continuously during 
* ^ each of the tests. 


separate them widely; as a mafter of fact it can hardly 
be done without widening the railway. In some cases 
where the Brighton and South-Western sections run 
parallel with the Brighton section electrificatiofl we 
thought that there might be some trouble, but on the 
telegraph lines on the South-Weste»n section, running 
p ara llel with the Brighton electrification at Qapham 
Junction, no effect whatever was found. 

Mr. R. A. Mack: The subject of interference has 
grown during the past* 10 or 20* years from one of 
interest to one of very great importance. I do not tlmk 
•Uhat it is an exaggeration to say that from the pointe 
of view of botii power and conamunication engineers it 
is one of the big problems which demand careful con¬ 
sideration and which justify considerable expense and 
investigation. The paper deals almost exdnsivdy 
with communication, circuits over open wjres. It is 
hard to under^fand the reason for this, seeing that the 
majority of tdephone lin^ n;pw being put down in 


very clearly that one cannot regard cables as a means 
for completely avoiding inductive interference. On. 
page 822 circuits for noise measurement are given, 
but that illustrated in Fig. 3 dates back, I believe, to 
1913. There is an instrument using a later circuit, now 
widely employed in America and in Europe, which is 
more portable and with which very good work hM 
been done. In spite of -ttie inherent difficulties in 
obtaining precision with noise measurement, this instru¬ 
ment in the hands of the Bell System engineere has 
a fairly complete technique in noise m^ure- 
ment to be developed. It is now posable^ to predict 
with fair accuracy the influence upon intelligibility of 
a given amount of noise. ' The circuit of this instru¬ 
ment was described in a recent paper * on “ Trans¬ 
mission Maintenance of Telephone Si^tems before 
this.Institution. It is important to remember that 
the "noise unit” in which this instrument is cali- 
» Jmmi ISM., 1924, vol. 62. p. 668. 
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brat^ is but one-twelfth that for the circuit described 
by tne author. On page 846 the author touches on 
question oft the relative advantages, from the 
inductive-interference standpoint, of d.c. and single¬ 
phase £.c. systems. I am not^sure that it is altogether 
to refer to this, question in a paper which does not 
mention electrolysis, although the title may perhaps 
give just cause for expecting reference to electrolysis. 
But whether or not his f^arks are correct regarding 
the single-phase system having given more trouble than 
the d.c. system, it is, I think, quite fair to say that, 
if such be the case, the single-phase system or the com¬ 
munication systems which he has in mind are badly 
designed. There are examples in Europe which indi¬ 
cate definitely that the single-phase traction system 
can be run parallel with and in close proximity to a 
communication sj^tem without causing difficulty. The 
first lantern slide shown by the author indicated a 
typical condition in Switzerland where the routes of 
the power system and the telephone system cannot be 
separated. In Switzerland there are cases of single¬ 
phase traction working over routes with very steep 
gradients and in close parallelism with communication 
circuits, where noise causes no difficulty whatever. In 
son^p cases it has been necessary to install Mgh-grade 
telephone cable to ensure this immunity. The same 
point is indicated by the recent decision in Sweden to 
employ the single-phase traction S 3 rstem on the railways, 
nbtably the line from Stockholm to Gothenberg. It is 
of interest to remark that in this case the Administra¬ 
tion have decided to use a cable laid actually alongside 
the rails from Stockholm to Gothenberg, a distance of 
approximately 300 miles. Provided that proper care is 
taken with the power or traction system, whether a.c. 
or d.c,, and provided also that proper care is exercised 
in selecting the right telephone system and material/ 
there is no reason why adequate protection from, or 
avoidance of, these difficulties cannot be obtained. 
I am'"not ^ure to what extent British manufacturers of 
power machinery have given close attention to this 
matter, but I suspect that some of the Continental 
manufacturers are ahead of them. Some Swiss com- 
pames in particular have considerable experience in the 
design of machines which are free from interfering efiects. 
On page 839 the author states that “a properly 
. balanced circuit for commercial purposes is tak en 
as one which would be undisturbed by other telephone 
or telegraph circuits working on the same route." 
This remark might give the power engineer the impres¬ 
sion that the telephone engineer is content with his 
cirquits^so dong as they do not interfere one with the 
oth^. If a power engineer does get that impression, 
he is certainly getting the wrong impression, as modern 
telephone plant provides numerous examples of features 
in which fihe telephone engineer is providing something 
to take car^ of the liability of power interference. The 
precision methods now employed in the manufacture 
and installation of modem long-distance cable systems 
are to some extent the outcome of the necessity for 
reducing this liability. Numerous cases could be 
quoted where the balance upon communication cucuits 
is to a considerably higher standard than is necessary 
from considerations of interference between communi¬ 


cation circuits. Two fuftther examples which might be 
cited are the use of the three-coil system for loading 
phantomed circuits, and the utilization of dust cores in 
loading coils. The three-coil system ensures that any 
current which may be induced from a power s)rstem 
influences both sides of the phantom circuits equally 
and so avoids a condition of ur^alance which would 
result in serious power finterference upon the phantom 
circuits. With alternative systems, notably the four- 
coil S 5 r 8 tem, this condition does not exist, and a tele¬ 
phone system using this type of loading is liable to 
serious interference. The use in loading coils of cores 
made from very fine, insulated particles of iron dust 
ensures that the risks of core magnetization from induced 
currents are reduced to a minimum. There is, of course, 
a great deal of information yet to be gathered upon 
the general subject of power interference before the 
best economic solution for its prevention in any given 
case can be determined} and in this work much investi¬ 
gation by both power and tefephone engineers will be 
necessary. The greatest factor towards the satis¬ 
factory solution of the outstanding problems will be a 
spirit of helpful co-operation between these two bodies of 
engineers. a 

Mr. G. V. Twiss: The author deals with the matter . 
of single-phase systems where uninsulated earth returns 
are used, and shows that such systems are particularly 
disadvantageous from the point of view of communica¬ 
tion circuits. It is sometimes thought that single-phase 
systems using uninsulated earth returns may present 
advantages in the matter of giving supplies to small 
villages. and"*outl 3 dng rural districts, but I think that 
that is rather afshort-sighted view, as such a system can 
only be economically justified so long as the trans¬ 
mission lines are less than fully loaded. When full 
electrical development does come—and I imagine that 
it must come to this country—I think that it will be 
found that the more normal three-phase systems will be 
far more suitable. Therelore, although I think it is 
sometimes held that the Postmaster-General is at 
issue with the industry on this point, nevertheless in 
my opinion his view does not conflict with the interests 
of the electric Supply industry. Then, as regards the 
use of the more normal three-phasse systems, the author 
shows that inductive interference is largely due to 
earthing, but then apparently only due to residuals in 
the three-phase circuit, which residuals in turn are 
chiefly due to the presence of harmonics, when the 
connections of the transformers are such as to permit 
the propagation of* such harmonics in the line. From 
that may be deduced the attitude of the Postmaster- 
General in respect to the matter of earthing. There 
are so many advantages to be obtained from earthing 
that it seems to m% that the first thing to do is to 
make provision, for earthing, and then to find means 
whereby earthing will not lead to results harmful to 
communication circuits. That seems to me to be the 
correct method of attacking the problem. The recent 
220 000-volt systems in CaHfomia could not run unless 
they M^ere earthed. Turning to the legislative side, it 
would seep that permission to^ earth is something 
which the Electricity Commissioners themselves can 
give, subject, however, JEo the concurrence of the Post- 
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master-General, which is liable to be withdrawn at any 
time. It would be extremely unfortunate if the Post¬ 
master-General were ever to exercise such right. In 
view of the fact that such interference as already indi¬ 
cated is due to other things than earthing, I am sur¬ 
prised that the Postmaster-General should pick out that 
one thing and disregard the oth^ questions of har- 
monics*and transformer connectigns, particularly in view 
of the fact that in Section 69 of the 1899 Act it is made 
incumbent upofi undertakers to see to it that their lines 
and works—^which presumably include such things as 
transformers, etc.—^shall not harmfully affect the 
communication circuits of th^ Postmaster-General. 


seem, therefore, that the whole matter of eaxttog 
could stand, as it were, upon the basis of safety of the 
public. As regards the protection o^the lines, the 
requirements of the Postmaster-General differ from 
those laid upon undertakers by the Electricity Cdtnmis- 
sioners. All these thin^*add to the difficulties of^the* 
industry, and in my opinion some of them are diffi¬ 
culties which we ought to try to avoid. In that con¬ 
nection the author refers to tie development which he 
thinks will come about in this country. I would supple¬ 
ment what he says in this matter. In my view the 
development of the electrical industry in this country is 
a vital matter. It is essential that development shall 



That would seem to be an umbrellas under which the 
Postmaster-General can always shelter, and it is difficult 
to know why he wants another and smaller umbrella, as 
it were, to catch the drops that might fall off the 
one. There is still another aspect* of the case. The 
Commissioners, if they think fit, in cases where they 
deem earthing to be necessary for the safety of me 
public, can give aumority therefor without ^y ^er- 
ence to the Postmaster-General. I do not t hink I am 
alone in the view mat earthing is in ^ cases a matter 
which affects me safety of the public. It is a, con¬ 
comitant of protectivg S3rstems, and as regMds over¬ 
head lines it giyes a more certo .method * 
the line to be shut , down .in emergency. It wo 


taiTA place on lines far bigger and broader than we have 
ever contemplated. In my opinion we shaU^neypr 
achieve the ffiU development of this country, not only 
electrically but nationally, until we have adequate 
interconnections, networks and distribution systems 
generally on the broadest possible lines. It is therefore 
very apropos that the author should have yentilated 
me possible effect of development of el^tric supply 
upon the Postmaster-General’s lines, at a time when such 
development is still immature, and whilst it is, m^e- 
fore, not too late to endeavour to apply ameliorative 

measures. , 

Mr. A. J. Aldridge {communicated): The author 

has referred to a telephone interference-factor nieter 
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suggested by Mr. H, S. Osborne as a result of*investi¬ 
gations carried out in America.* It is an arrangement 
whereby the disturbance on telephone lines caused by 
different frequencies in alternator harmonics is measured. 
Differ^t frequencies produce different effects on tele- 
-^phoue lines, and the measuring device weights" 
accordingly the different frequencies occurring in the 
alternator waves. Fig, 1 in the paper shows the curve 
on which the ** weighti^ig is based. A warning is 
necessary as to the use of such an instrument. Fig. 1 
is practically an average resonance curve for a telephone 
receiver of the present day. Should this curve change 
—15 years ago the average resonant frequency of a 
receiver was about 750 periods instead of 1100—the 

weighting ** allotted will be quite wrong. I think that 
it is a mistake to rely entirely upon a variable factor 
such as the receiver resonance point to obtain the 
relative disturbing effect of different alternators, A 
second test should also be made without this weighting, 
as mentioned on page 822, On pages 826 and 827 the 
author refers to the use of resonant shunts to eliminate 
harmonics. Can he give us any further information as 
to the construction of these shunts and as to their real 
effect ? In many supply systems the equivalent station 
lo^,d will be a small fraction of an ohm, and to be 
effective the resistance of the resonant shunt must be 
much lower than this. One would anticipate some 
difficulty in building at a reasonable cost an induc¬ 
tance coil having the desired characteristics. What is 
the attitude of the supply authorities towards this 
remedy ? As showing the magnitude of these high- 
frequency currents which may be circulating quite 
unknown to the supply authorities, I should like to 
draw attention to Fig. D, This shows the current 
(nominally direct) flowing between the station busbars 
and two rotary converters suppl 3 dng them, in a tram¬ 
way S 3 ^tem. Rotary converter No. 4 was supplied 
from a three-phase transformer, and converter No. 2 
from thr^e single-phase transformers, all fed from one 
alternator. The low-frequency curve is simply a 
timing wave. Three points should be noticed : (1) The 
magnitude of the ripple; (2) the difference in the 
ripple from the two machines; and (3) the difference 
in the ripples in the positive and negative leads of 
machine No. 4. The two curves marked 15 were taken 
simultaneously each from 100 turns of wire wound 
directly over the respective cable leads, close to the 
machine. The oscillograph strip showmg the smaller 
curve was very slightly more sensitive than the other. 
I should be glad to know whether the author has 
encountered any similar occurrence and can give any 
explanation of the effect. 

Mr. J. GoUard (communicated ): In discussing the 
methods of minimizing telephone interference the author 
points out that, none of the remedial measures so far 
devised fpr application to the telephone circuit is suit¬ 
able for use with public telephone systems. The only 
means at the disposal of the telephone engineer, there¬ 
fore, apart from those measures applicable to the power 
system, is an improvement in the balance of the tele¬ 
phone circuit. This necessity for a high. state of 

* Proceedings of the American InstUute of EU^ical Engfne^t 1019, vol, 38, 


balance in telephone circuits exposed to induction from 
power circuits is brought out very de^ly on page 839, 
under ,the heading Telephone Circuit Balance.*’ The 
great importance of telephone circuit balance being 
recognized, it becomes necessary to devise some method 
by means of which this balance may be measured, so 
that, where necessity, definite values may be specified 
and circuits may be tested to Setermine whether their 
balance is above or below the permissible value.. A 
suitable method for accomplishing tiffs on a circuit 
subject to interference was described in a recent paper * 
on ** Transmission Maintenance of Telephone S 3 ;^tems.” 
Briefly described this method consists in the measure¬ 
ment, by means of apparatus described in the paper, 
of two values of noise, (a) the noise between the two 
wires of the circuit, and (6) the noise between the two 
wires of the circuit in parallel and earth, a resistance of 
100 000 ohms being connected in series with the receiver 
for the second measuijement. Since the latter value of 
noise is a measure of the toi^l noise-producing power of 
the disturbing circuit, and the former value is a measure 
of the actual noise produced in the telephone circuit, 
the ratio of the noise to earth to the noise between* 
wires is a measu]|^ of the freedom of the t^ephone 
circuit from interference. In other words, it is % nfeasure 
of the balance of the circuit. A telephone circuit having 
a high value of “ noise ratio,*' as this ratio of noise to 
earth to noise between wires is called, will therefore be 
one having a high degree of balance, and hence will be 
subject to only a relatively small amouht of inter¬ 
ference. A circuit having a small value of noise ratio,*’ 
on the othdir hand, would be one that is poorly balanced, 
and one, themefore, that would be very liable to inter¬ 
ference. As an illustration of the values of noise 
ratio *’ that may be obtained in practice it is of interest 
to note that for open-wire lines a value of about J is 
usually obtained, although this value may rise to as 
high as 2 for a weU-maintained circuit. In the case of 
cable circuits higher values are, of course, obtained and 
values of 20 or more have been measured. These 
figures show the considerable decrease in the amount of 
noise disturbances that will result from the use of cable 
instead of opeft-wire telephone circuits. In comparing 
the relative merits of d.c. and a.c. traction systems 
with respect to their ^interference with communication 
circuits, the author states that the a.c.. system has 
been found to give the most trouble. This conclusion 
is, perhaps, not quite fair, as no mention is made of 
the d.c. system supplied with power from mercury-arc 
rectifiers, although a method for reducing the harmonics 
in such a system is given m an appendix to the paper. 
This type of d.c. system may give rise to very serious 
interference with neighbouring telephone circuits, and, 
as its use appeaxs*to be increasing, there. is . a prob¬ 
ability that some trouble due to this type of system 
may be experienced in the future. As an example of 
the noise that may be produced in a telephone circuit 
in dose proximity to a d.c. traction system supplied 
from a mercury-arc rectifier, the case of a mountain 
railw|,y of this t 3 pe, for which measurements were 
made, may be quoted. The telephone line used for 
communication between the drffer^t stations along 

. ♦ Joumdi I.^.JS.^1924, vol. 62, p. 658. 
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the route was carried on the saJne poles as the trolley 
conductors. When power was supplied from a d.c. 
generator, communication over this line waS' satis¬ 
factory. When, however, a mercury-arc rectifier was 
used for supplying the power the noise induced in the 
telephone circuit was so great as to make communi¬ 
cation difficult even between adjacent stations. The 
noise measured on this circuit .by means of the 1-A 
noise-measuring set described in the paper already 
mentioned rose* at times, when the mercury-arc recti¬ 
fier was in use, to a value of about 5 000 noise units. 
This value corresponds to about 400 of the units 
described by the author on page 823. 

Mr. D. M. W. Hutchison {communicated) : The 
troubles that may arise due to the presence of third 
harmonics may in certain cases be very serious, affecting 
not only the communication lines but also the power 
lilies and apparatus connected thereto. I have just 
had experience of such a case, the circumstances being 
as follows : Three-phase cutrent at 2 200 volts supplied 
by a turbo-alternator was stepped up to 11000 volts 
in a bsLnk of three single-phase shell-type transformers 
connected star-star with the neutral on the e.h.t. side 
earthed^irect. The transmission line consisted of three 
miles m 8verhead line coupled to one mile of under¬ 
ground cable which ended on the busbars of a substation. 
On the first trial run, when the voltage reached 8 000, 
the isolating switches in the substation cubicles Hashed 
over their wooden operating links to earth. These were 
removed an3 boiled in paraffin wp.x, and on running up 
again the oil-switch rods caught fire at about the same 
voltage and two cable joints broke do\vn. It was 
observed during this* time that the filanfint of a test 
lamp supplied from a potential transformer and near 
a bare e.h.t. conductor was vibrating violently all the 
time current was on and it was therefore thought likely 
that the trouble was due to third-harmonic over-pressures 
not apparent on the voltmetersjionnected to the busbars. 
Tlie greater part of this trouble was removed by connect¬ 
ing the neutral of the alternator to the neuteal of the 
transformer bank, but this has not entirely eliminated 
the triple harmonics on the 11 000-volt side, potential 
transformers being burnt out after a few hours' run, 
and there is a perpetual brush discharge bet^^^een the 
porcel 2 iin insulators of the current transformers and their 
frames. The note from the third harmonics is audible 
on the telephone lines, which run for three miles parallel 
to and 70 feet away, from the transmission lines. It is 
probable in this case that the trouble, which appears to 
be due to electrostatic charges induced 15y third-harmonic 
over-pressures, can only be eliminated by supplying the 
step-up transformers with a tertiary winding on the 
e.h.t. side or perhaps a three-phase choke coil with an 
earthed neutral external to the transformer bank but 
in the substation to act as a by-pass for the third-har¬ 
monic curreiits. 

Mr, R. G. Jakeman [communicated ): As a machine 
designer I am particularly interested in the harmonics 
in the power circuits. The slot harmonics in large 
modem alternators are very small. In turbo-alter¬ 
nators tire pressure wave is practically a Qpre sine 
wave, owing chiefiy to the large.air-gap and the large 
number of slots per pole. In Jow-speed alternators 
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the slot harmonic can be suppressed by providing 
suitably-spaced extra slots, which are not used for the 
winding. In rotary converters there •are two chief 
causes of a ripple in the d.c. pressure; one is tl\p slot 
ripple and the other a ripple with 6 .times the funda¬ 
mental frequency, caused by the variation of the arfha- 
ture M.M.F. during a cycle. By careful design the slot 
ripple may be made quite sn^U, but it can never be 



wholly suppressed in an ordinary 6-ring rotary con¬ 
verter. The reason for this is that the slots per pole- 
pair must be a multiple of 6 in order that adjacent 
tapping points may be at 60 degrees to each other, so 
that the slots per pole must be divisible by 3 and 
therefore a whole number. By spacing the 6 rings as 
shown in Fig. E,* the slots per pole-pair are a multiple 





of 9. Hence, the slots per pole are a multiple of 
and may be fractional. This has the efiect of sup¬ 
pressing the slot ripple. It will be noted that the 
three phases are at exactly 120 degrees to each otfler. 
This arrangement of the tapping points also reduces 
the sixth-frequency ripple. The method does not give 
a neutral point for three-wire balancing, but this is not 
usually necessary in a traction supply. With a 60- 
period rotary converter, the sixth-frequency ripple 
corresponds to 300 periods, which is within the range of 
speech frequencies. It is impossible to suppress it in a 
single rotary converter, although it may be consider- 

♦ Provisionally piStected. 
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ably reduced by correct design. In the case of two 
rotary converters connected in series on the d.c. side, 
this ripple maj^be practically eliminated by the arrange- 
menl* shown in Fig, F.* Each converter is supplied by 
its own transformer, the piFimary of one transformer 
be&ig star-connected and the other delta. As is well 
Imown, this provides a difference in phase of 30 degrees 
between the secondar}^ pressures of the two trans¬ 
formers. The result is that the sixth-frequency ripples 
of the two converters are displaced by 30 degrees, so 
that they oppose one another and counterbalance 
(Fig. G), Since the two armatures are displaced by 
30 degrees, the slot ripple can also be eliminated if 
30 degrees corresponds to a fractional number of slots, 
i.e. if 00 degrees corresponds to an odd number of 
slots. The same effect can be produced by using one 
transformer only, having two secondaries, one connected 

diametral star*’ and the other ** double delta.” 
Further, the ripples will be eliminated from the line 
if the converters are connected in parallel on the d.c. 
side. In this case the ripples will circulate between 
the two machines. A similar effect may be produced 
with two mercury rectifiers by connecting the primary 

• 1^-36CP-->j 

Fig. G. 

of one transformer star and of the other delta. In 
this case two curves like that in Fig. 44 will be displaced 
by; 30 d^rees and added, the result being a very much 
smoothef curve. 

Mr, S. A. Stigant {commwticated ): The paper seems 
to indicate that the chief offenders in respect of 
harmonic interference with communication circuits are 
rotating machines, particularly main generators.^ It is 
perhaps in the nature of things that this should be the 
^ case^ and so far as one can see at present those features 
of design which cause harmonic trouble must unavoid¬ 
ably be present in some degree, although by skilful 
design their effects can be greatly minimized. With 
transformers, however, the case is different in so far 
that all ^harmonic phenomena can be avoided by the 
Simple expedient of reducing the induction density in 
the magnetic circuit, or, as the author phrases it, by 
reducing the impressed volts per turn. Tliis procedure 
wcwld effect the desired result without any reference 
whatever to the type of magnetic circuit or the con¬ 
nections* of the windings. It would, however, natu¬ 
rally increase ihe dimensions and weights and conse¬ 
quently the costs of tlie transformers. Actually, there 
is no need to reduce the induction density below the 
figures which are now in common use, as harmonic 
phenomena may also be reduced practically to the 
point of elimination by suitable connections of the 

Pro^sioually protected. 


windings. The autho/ on page 862 briefly outlines the 
influence of transformer connections upon third har¬ 
monics, and points out that a delta winding short- 
circuits third-harmonic pressures, thereby allowing tlie 
circulation therein of third-harmonic currents, and 
that the three-wire star connection may possess third- 
harmonic pressure* eitlier fron^ the neutral to earth or 
from each line to earth according to whether the neutral 
point is insulated or earthed. The author also states 
that there are small residual third-harmonic pressures 
present on the star side with both the star-delta and 
delta-star connections. While this is correct from the 
rigidly theoretical standpoint, I should have thought 
that inductive-interference effects from these residuals 
were not only ” unusually small,” but.absent. Can the 
author give some figures bearing upon this as a result 
of his own experience, at the same time stating the 
types of transformer (i.e. core or shell) and whether 
tliree-phase transformers or three-phase groups of 
single-phase transformers ♦were used ? Transformer 
designers have alwa)rs considered that for all practical 
purposes a delta winding on either side or a tertiary 
delta winding short-circuits the third-harmonic pres¬ 
sures so effectively as to leave no residiial^ worth 
mentioning. A four-wire star connection similarly con¬ 
siderably reduces third-harmonic pressures, as the 
fourth wire from the neutral point permits a circulation 
of third-harmonic currents. In this case, however, there 
‘will be larger residual third-harmonic pressures corre¬ 
sponding to the additional impedance between the 
transformgr terminals and the rest of the four-wire 
circuit. This applies whether the four-wire star-con¬ 
nected circu?t is on the primary t)r the secondary side. 
With a star-star-connected three-wire circuit consider¬ 
able third-harmonic pressures may be present, depending 
upon the form of the magnetic core. With a three- 
phase shell-t 3 rpe transformer or with three-phase groups 
of single-phase transfoiiners, third-harmonic pressures 
having amplitudes of as much as 60 per cent of that of 
the fundamental may be found when the windings are 
star-star connected for three-wire service. This is so, 
as in both th^e cases the magnetic circuit of each phase 
is closed upon itself and independent of the other two, 
so that the flux and, tlierefore, the induced pressures 
provide the thii’d-harmonic component necessary for 
tlie complete magnetization. In this connection it is 
wprth emphasizing that harmonic phenomena in trans¬ 
formers are due almost entirely to the var 5 dng permea¬ 
bility of the sheet-iron used, and very little, if at all, 
to the hysteresis of the iron. With three-phase core¬ 
type transformers, however, third-harmonic pheno¬ 
mena are certainly negligible and in many instances 
practically absent on account of the magnetic inter¬ 
action between the cores through the common yokes. 
Therefore the star-star connection of three-phase core- 
type transformers should prove perfectly satisfactory 
in service uader any normal eartiling conditions. From 
Fig. 1 it would appear that the relative interference 
effect at the triple frequencies which are likely to occur 
on ^sterns in this country are almost negligible, so that 
transfoiipaers are by no means ttie principal offenders in 
causing harmonic interference. It is to be expected, 
therefore, that the esarthhig of generator neutral points 





TELEGRAPHS AND TELEPHONE|: DISCUSSION. 867 


is most conducive to trouble, and*this appears to have 
been the author's experience. This aspect should, 
therefore, have an important bearing upon the question 
of multiple earthing. If multiple earthing could be 
effected at transformers alone there seems to be no 
doubt whatever that the resulting harmonic phenomena 
causing interference would be restriqjted to innocuous 
magnitudes. On the’Other hand,#the requirements of 
the different protective systems sometimes make it 
imperative that tte neutral point of at least one of the 
generators actually in commission should be earthed, 
and therefore the earthing arrangements must neces¬ 
sarily be of the nature of a compromise. If, however, 
multiple earthing can effectively be adopted without 
earthing generator neutral points, as appears to have 
been done in the very home of automatic discriminative 
protective-gear systems, then the outlook for a wider 
application of this most desirable procedure is very 
bright indeed. It would appear that multiple earthing 
is bound to become more prevalent in this country on 
account of the increasing interconnection of power 
stations and networks and the consequent increase in 
transmission pressures, and it is hoped that the lead 
given bv^i^e North-East Coast powe» companies will 
be«followed m other places. I am under the impression 
that interference with communication circuits becomes 
most severe and at times possibly dangerous when a 
fault occurs on the power system. Multiple earthing 
should therefore be very helpful in this respect, as it 
would enable the fault to be disconnected more rapidly 
and surely, while the fault currents would probably be 
weaker (and so less dangerous) on account of the diffu¬ 
sion of the currents through the different muftiple paths. 
While the author gives some interesting data upon the 
increase of earth currents with multiple earthing, he 
only gives the current values at the power stations. I 
do not think that the earth currents are of very much 
importance at such places, and the vital issue really is 
to what extent the earth currents diffuse. Can the 
author give any precise information upon this point ? 
Certainly we are told that under the conditions existing 
on the North-East Coast, interference to the telegraph 
circuits under observation was absent and to the tele¬ 
phone circuits inappreciable, but apparently this only 
indicates the non-proximity of power and communica¬ 
tion circuits. The resonant-shunt method of elimina¬ 
ting generator harmonic pressures shown in Fig. 9 
appears to me to be somewhat unnecessary. It is 
clear that this combination will act efficiently only upon 
the harmonic for which it is designed, tind equivalent 
results can be attained with equal effectiveness if the 
resonant shunts are replaced by a three-phase inter¬ 
connected-star neutral earthing cqjnpensator, the 
neutrals of the generator and compensator being con¬ 
nected together and, if desired, earthed. Although I 
have had no ^perience of the apparatus shown graphi¬ 
cally in Fig. 9, it would appear that the interconnected- 
star compensator would be cheaper, and it is certainly 
a piece of apparatus which to my knowledge has already 
proved its worth. The author is evidently familiar 
with this type of appamtus, which he retos^to on 
page 862, In reply to his query concerning its rating, 
while normally it would carry currents corresponding to 


the excitation of the system and the circulating har¬ 
monic currents, it would have to be designed to with¬ 
stand the short-circuit currents and stresdfes wlrich may 
be imposed upon it under the conditions of a sl^rt- 
circuit at its terminals. The duratioi\ of this short- 
circuit would, of course, be fixed by the setting of tSe 
protective gear. If neither of these conditions per¬ 
mitted the manufacture of jrobust windings tlie 
mechanical design of these would be the limiting 
feature. It may be taken for granted that generator 
and transformer designers are fully aware of those 
design features which are likely to cause harmonic 
troubles, and usually the requisite amount of care is 
taken with the design in order to minimize these effects. 
Often, however, the designer is left in ignorance^of the 
operating conditions, and he cannot always be held 
responsible for any abnormality that may occur due 
to circumstances of which he had no cognizance. 

Mr. G. Wiithrich (commtmicated ): The autht)r, no 
doubt on the basis of the evidence accessible to him, 
considers the single-phase railway system to be a 
worse offender than the direct-current system. It 
is rather unfortunate that the only reference to the 
biggest single-phase electric traction system in the 
world, namely that operating in Switzerland, represents 
a no doubt unintended contradiction to this reproach, in 
so far as the system in Switzerland is disposed of in a 
single sentence on page 846 by the unqualified testi¬ 
mony to the effect that it is very successfully used.'* 
Quite independent of the present paper, a few days 
ago I received from Dr. Behn-Eschenburg and Mr. 
Kristen a summary of their views on this rather con¬ 
troversial subject, and as these views may be of general 
interest I give them herewith :— 

“ In our opinion, the disturbances which are most 
difficult to contend with, from a technical point of 
view, are those produced in electric circuits by t^nsient 
phenomena. The rate of increase or decrease of currenj, 
which is a determining factor for the inductive e^ect in 
the neighbouring conductors, is in the case of short- 
circuits and interruptions in circuits occurring in d.c, 
installations a multiple of that for a.c. installations, if 
we assume that the generating plant is of usuzil design 
and the working pressures 3 000 volts and 16 000 volts 
respectively. The maximum induced pressures are not 
reduced by the quick-acting switches; the advantage 
secured resides in the fact that the duration of action 
of the phenomena is reduced and the disturbances thus 
rendered less harmful. The conditions are still more 
unfavourable in the case of rotarjj'-converter operation 
and a working pressure of 1 600 volts. When carrying 
out electrification on a large scale it will, in any case, 
be hardly possible to provide a service affording entire 
security so long as communication circuits have to ^ lie 
kept above ground near railways operated with single¬ 
phase current, three-phase current, or high-tension 
direct current. The displacement of these communi¬ 
cation circuits overhead, on extensive lines, or the 
adoption of cables cannot, therefore, be avoided (see 
also the report of M. Mauduit of the French Commission 
for Electrification). In view of these circumstances, 
tire question of disturbances in communication cir¬ 
cuits cannot be regarded as a (l^termining factor for 
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Jhe choice of the current S37stem, as it is nothing more 
than a matter of economical importance for all 
systems. FGr large railway installations, data are 
only available up to the present for the single-phase 
system, in the case of whiph the use of cables has been 
resorted to both in Italy and Switzerland for the most 
important sections; on the other hand, in Sweden a 
mixed solution has been adopted in view of certain 
economical considerations (displacement of lines and 
booster transformer or cables). For direct-current 
installations of similar size no such data are available; 
it may also be added that most of the small installa¬ 
tions adapt themselves to the plan of the towns where 
long parallel lines seldom occur. There is an addi¬ 
tional difficulty in the case of direct-current installa¬ 
tions, ^namely, electrolysis, which itself necessitates the 
displacement of the communication cables away from 
the track. We would further mention that cases have 
occuried where the Swiss telephone authorities have 


Mersey and North Wales (Liverpool) 

Mr. A. J. Fames : The chief responsibility for 
'"preventing interference with communication circuits 
must necessarily rest with power engineers and designers, 
whose efforts in that direction should be supported by 
the application of such remedies as are within the means 
of telegraph and telephone engineers. The successful 
elimination of power interference depends largely upon 
effective co-operation and goodwill. The difficulties can 
be readily overcome if cordial relations are established 
between all the parties concerned. There is not a 
very great deal that communication engineers can effect, 
apart from seeing that their plant is well constructed 
and meipitained and that telephone circuits axe satis¬ 
factorily balanced, and assisting in keeping communi¬ 
cation Hand power circuits as far apart as practicable. 
An accurately-balanced aerial telephone loop is not 
easily achieved, and it is still more difficult in practice 
to prevent interference between telegraph and telephone 
circuits that are carried on tlie same poles for an 
appreciable distance. Attention to these points is 
essential for ensuring efficient transmission, besides 
tending to circumvent the troublesome effects of power 
interference. Similar considerations will apply equally 
to power plant, and, if given proper attention, the addi¬ 
tional advantage of the repression of interferencs 
troubles at the source will be secured. The most effective 
method for eliminating the effects of induction is to 
adppt the best construction and maintenance standards. 
There appears to be some tendency to use the word 
minimizing ” rather too freely, with reference to this 
subject, as there is no doubt that public telephone cir- 
cufts, particularly trunks and junctions, cannot be 
regarded as really satisfactory unless they are absolutely 
free from extraneous inductive disturbances. The 
considerable development of the telephone service 
that is expected to take place in the congested South 
Lancashire district dmdng the next few years can only 
be met by the liberal provision of suitably designed 
telephone cables, or by what will be practically an 
all-underground service. This will materially help to 


prohibited the use Of mercury rectifiers for suburban 
lines, owing to disturbance arising from oscillating 
direct current. In our opinion, the data so far obtained 
from tests seem to confirm our views regarding the 
question of system and communication-circuit dis¬ 
turbances.'* 

It would appear that the -{pansposing of communica¬ 
tion circuits into cables represents the only radical 
protection against the troubles experienced, both with 
d.c. and single-phase traction systems. The experience 
in connection with single-phase traction is already vast 
and fairly conclusive. As regards d.c. traction, cer¬ 
tainly with pressures above 3 000 volts, the field has 
yet to be explored, especially in connection with the 
subject of the present paper, and also in connection 
with other phenomena of undesirable nature. 

[The author's reply to this discussion will be found on 
page 872.] 


Centre, at Liverpool, 28 April, 1924. 

solve the indu<?»tive problem, at least loqjjly. The 
degree of perfection which has been realffiea in the 
design and manufacture of telephone cables, and in 
their maintenance after being laid, is exemplified 
by the fact that there is no perceptible overhearing 
between the circuits in the cables, although there may 
be hundreds of wires running together for scores of 
miles, contained in a small circular space 2 to 3 inches 
in dianieter. The achievement of such remarkable 
results in^the balancing of telephone circuits surely 
renders leakages and disturbances from distant power 
circuits matters which should be remedied at the 
source of the trouble. In otlier words the disturbing 
harmonic frequencies ought to be eliminated as the re¬ 
sult of improvements ^n the design of power plant. It is 
noticeable that America is the chief source of the infor¬ 
mation given in the paper, especially as regards tlie 
disturbing influences associated with extra-high-pressure 
power S 5 ^tems. British authorities are in no small 
measure enfitled to claim credit for the great foresight 
exercised in establishing important safeguards. In fact, 
it should be recognized that the regulations ensure pro¬ 
tection for the plants of all properly constituted power 
and co3cnmunication engineering authorities alike, in 
fireventing chaotic conditions arising. The comparative 
immunity from danger, and freedom from the worst 
effects of induofeion experienced in tliis country, possibly 
accounts for the fact that British contributions to tlie 
literature on this subject are relatively meagre. This is 
really an indication that difficulties in this connection 
are being satisfactorily surmounted. It is significant 
that specialists generally commence by expressing 
the view that the greatest possible separating distances 
should be^provided between power and communication 
circuits, particularly where comparatively long lengths 
of aerial parallelism exist. All responsible engineers 
will admit that this ideal is sound. In the majority of 
casea Jhe older services, telegraphs and telephones, were 
first in the field. ^Naturally, whe^ traction schemes 
mature, the questiop arises whether the undertakers are 
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which are liable to damage from leakage, it would be of 


prepared to pay the high costs that may be involved 
in providing the maximum clearance. The matter 
resolves itself into questions of economics and expediency, 
and consequently other measures are preferred, unless 
the policy finds favour of waiting to see how much power 
interference with telephones the communication engineer 
will stand. Apart from t^jis aspect thf public highways, 
if used conjointly, do not usually Eidmit of entirely satis¬ 
factory clearances being readily obtained, and it is then 
a case of adapting measures to the conditions which 
arise. The method for overcoming interference de¬ 
scribed by Prof. Marchant in the appendix, was used with 
marked success at Liverpool. A considerable number 
of exchange subscribers' lines in one of the Liverpool 
exchange areas were adversely affected by the harmonic 
frequencies produced by the mercury-arc rectifier, 
both when in use for lighting and for traction services. 
Such troubles may be accentuated where electric lighting 
services are installed in the same buildings, and where 
there may be damp walls! With regard to the transposi¬ 
tion system for telephone wires, would it not be advan¬ 
tageous where there is parallelism with a traction 
system to revert to the continuous transposition (or 
twist) sjj^m, in which the wires malce»complete revolu¬ 
tion evCTy^four spans? According to the diagrams 
there are intervals of from J mile to 2 miles between the 
transpositions. In the first two paragraphs in the sec¬ 
tion headed " Noise in Telephone Circuits," it is not 
clear how the^sertion that the mean frequency is 800 
per second can be reconciled with that further on, viz, 
that the maximum sensitivity of the human ear is not 
less than 1 024 per second. The latter is no doubt correct 
if tliis sensitivity be zdso associated with that of the 
normal telephone receiver. Serviceable frequencies for 
music range firom 16 to 4 500 (7 octaves), and I have 
seen a statement to the effect, although I do not credit 
it, that the extreme range for audibility is 38 000 
vibrations (11 octaves). Frequencies of 10 000 to 12 000 
have been mentioned as being witliin the powers of an 
•expert. Wireless amateurs would be interested to 
know to what extent power circuits may interfere with 
the reception of wireless broadcasting j)rogrammes. 
The use of a search coil is described in the paper. Does 
the author think that thfe could bg usefully employed 
in connection with laying ducts with the aid of a thrust 
boring machine ? (The latter is used for boring a way 
under the ground ready for pushing pipes through without 
brealdng down the surface.) Perhaps the use of a search 
coil would be a useful precautionary measure to avoid 
piercing high-tension mains, the existefice of which is 
not suspected. 

Mr. T. Gornfoot: One of the most serious disturb¬ 
ances on telephone or telegraph circuits is that of elec¬ 
trolytic action due to leakage from tramway and railway 
earth-returns. This disturbance or interference is not 
referred to iii the paper. It is exceedingly difficult to 
counteract and locate because, while the otl^r disturb¬ 
ances described make themselves felt at once on telegraph 
-circuits or can be heard on telephone circuits, electrolytic 
action is silent and does not make itself manifest u«.til 
very material and irreparable damage is done, resulting 
in grave interruption to commuycations. With the 
growth of underground systems using lead-covered cables,. 


interest to learn whetlier the author regards the disturb¬ 
ance as being serious. Telephone system# are metallic, 
but with the development of automatic telepljpny 
extensive use is made of earth circuits fqr signalling and 
dialling purposes. Would any serious difference of potefi- 
tial between two signalling earths, due to power leakages, 
cause mutilation of the dialling ^mpulses ? The author 
mentions several electric railway systems which have 
given rise to inductive trouble. In Liverpool we have 
an electrified section of line between Liverpool and South- 
port and also between Liverpool and Ormskirk. This 
system supplies alternating current at 7 600 volts on 
the feeders at 26 periods, with 650 volts (d.c.) on the 
live rail, and there has been no appreciable disturbance 
on the telephone or telegraph circuits in the vicinity. 

On page 826 there is a reference to a charging current 
which alternates between the neutral point through the 
winding of the machine and through the capacity^of the 
lines to earth. It is further stated that in some cases 
in this country this current is as much as 90 amperes. 

I am under the impression that a current of this magni¬ 
tude at such a point is prohibited by the Regulations of 
the Electricity Commissioners. I should be glad if the 
author would confirm this view, and state whether therfi 
is any method of overcoming the difficulty. 

Prof, E. W. Marchant: One of the most interest¬ 
ing parts of the paper is Mr. Gill's curve, Fig. 1, showing 
the audible effect of different frequences of current. 
The enormous difference between the effect produced by 
a sound due to a current at 50 periods and that due to 
a current at 1 000 or 1 100 periods is very remarkable. 
The figures quoted (on page 821) as given by Osborne 
would, I think, be subject to variation in different indi¬ 
viduals, and I suggest that it would be valuable if some 
such records could be obtained for a number oi different 
people. As a rule, older people can hear high-pitched 
sounds less clearly tlran younger people can. in some 
experiments made in the laboratory a few months ago, 

I found that one of my students was able to hear a sound 
of over 12 000 frequency wliich was entirely inaudible 
to me. With regard to the question of the transposition 
of lines, I noticed many years ago, in connection with 
long-distance transmission in America, that it was found 
necessary to transpose both the telephone and the power ^ 
lines for reasons which have been clearly explained m 
the present paper. I am sure that if power station and 
telegraph engineers consult together with a view to 
reducing disturbance, a great deal of trouble in the 
future will be avoided. * 

Mr. W. Fennell: I am interested in the running of • 
a number of miles of e.h.t. transmission and distribution 
lines and my experiences so far indicate that eventually 
a slightly different, and more reasonable, attitude ^Aiill 
be taken up by the Post Office in regard to this matter. 
One can imagine the case of a projected line wltich can 
best be run along a route near to that of a few sub¬ 
scribers' branch lines. In a case like that it would appear 
that the Post Office should give way, but at present 
the Post Office will try to prevent that line being erected. 
The present attitude of the Post Ofhee is that they not 
only claim that all the expenses of such precautions as 
the Post Office consider to be necessary to protect their , 
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existing lines from danger or interference sliall fall on 
the power undertaking if a second-comer, but tiiey evra 
put forward iSie claim that if the Post Office, as second- 
comer, put a line near to an existing power line they 
can" still throw, on to the, power undertaking all^® 
expense of protection of the new Post Office hne. This 
is considered to be too unjust even for the Post Office, 
so it is stated that wheg the Post Office lines are second- 
comers tlie authorities will usually, as " an act of grace, 
cliarge half the cost. In this connection there is a state¬ 
ment on page 839 to the effect that if the telephone 
lines were perfect as to design and maintenance they 
would not be affected by induction from power or other 
lines. I would suggest that as neighbouring power 
lines, etc., will have a very much greater disturbing 
effect on imperfect lines than on good ones, the Post 
Office are asking others to pay for Post Office deficienaes. 
The Post Office, of course, have in general erected their 
lines ffi-st and have covered the countr^T" with absolutely 
unprotected overhead circuits, so that if the power 
engineer is asked to supply power to tlie inhabitants, 
say, of an area Hke the Wirral Peninsula—which 
can be dealt with economically only by means of overhead 
electric lines-he vn\l be put to very considerable 
•Prouble and expense, involving high charges for electricity 
if the Post Office are not accommodating. The public 
interest, in fact, should come before departmental 
interests, I consider that electric power lines in this 
country, and especially electric railway lines, are, in 
general, more important than telephones and are cer^ 
tainly more fixed as to route than are overhead Post 
Office lines. The Post Office cannot fairly claim to con¬ 
tinue to follow railway routes when by so doing they 
impede or even prevent railway electrification. The 
same applies to some extent to public roads in relation 
to eiectrk power and light. The case referred to by tlie 
author, of leakages in power circuits upsetting excliange 
indicator, reminds me of a case which occurred in 
Chesliire. There was a 50-period overhead distribution 
system for an outlying residential district. Some 
consumers in that district insisted that the service lines 
should go underground from the nearest pole into the 
residences. These underground services were not 
properly sealed at the pole and moisture entered the 
cables, causing rapid deterioration. When tliese faulte 
occurred the local exchange indicators dropped. Investi¬ 
gation showed that the reason was that neither tlie supply 
company nor the Post Office had efficient earth connec¬ 
tions^ due to the sandy nature of the soil in the locality. 
I "would call special attention to a matter referred to 
tin this paper, viz. the very great effect which an earthed 
guard wire has in tliis matter of shielding, Some figures 
are given in the paper as to the efficiency of one earthed 
wire running along the side of an electric railway between 
the power line and the telephone lines. I submit that 
most cases of static interference due to proximity 
would be dealt with economically by this method, and 
no dangerous charging of message, wires would be 
possible if an earthed wire were fixed to each telephone or 
telegraph ctoss-arm on the side facing the power line or 
tramway. This method has its parallelin the armouring 
of electric cables and the provision of marker boards— 
to ward off the picks f<of excavators employed by gas 
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or water authorities-C-and in tbe provision of bitumen 
other overall coverings of lead-covered cables to 
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prevent electrolysis. The guard wires can be looked 
upon as the equivalent of armouring and outside insula¬ 
tion. Electric power undertakers do not ask the other 
road users to pay for these means of preventing inter¬ 
ference and it wquld be well the Post Office^ foUowed 
the principle of each authority providing at its own cost 

such means as it thinks fit to protect ite own plant. 

Mr. C. J. Mercer : To tlie power engineer the inti¬ 
mation that he is causing interference with telegraphs 
or telephones not infrequently comes as a surprise and 
he is inclined to resent any suggestion that he should 
alter his plant to overcome the difficulty. The paper 
will have served a most useful purpose if it results 
in co-operation between power and telegraph and 
telephone engineers to prevent interference at the 
source. The author refers to the fact tliat interference 
is sometimes carried over a wide area. Such a case 
came under my notice some time ago. A 7 000-volt 
three-phase system with overhead transmission was 
erected parallel with telegraph wires carried on railw^ 
poles. The working of the telegraphs was not adversely- 
affected, but tbB telegraph wires divergecUto other 
routes, and the interference was transmitted by tertiary 
induction to telephone lines which did not themselves 
approach the power lines. I have heard tlie distinctive 
note of this interference more tlian 100 miles from the 
power lines. The trouble was clearly duetto harmonics. 

Mr. L. Breach: It is not clear from Fig. 43, wliich 
refers to the neutral currents on the Newcastle Electric 
Supply Co.’s system, where the system was earthed 
when the t^ts were made. As «ie figure refers to the 
20 000-volt system, it would appear to refer to the 
leakage on that part of the system only, and not on 
-that part which is coupled to the 6 000-volt supply, 
and it does not refer in any way to the leakage at the 
neu-tral point of the ^temators. If a diagram were 
included showing these earthing points, the figure would 
be more easy to follow. On page 862 the author refers 
to Ihe earthed neutral as an accomplished fact, and 
states that "in addition an earth may be required in 
connection iitith the operation of protective gear on the 
power system.” It is not quite clear what is meant by 
this second earth, as of course one earth at the generating 
station is aU that is required for the protective gear, 
unless the author refers to the earth on the secondary 
sTde of the protective gear, which would not appear to 
enter into the discussion. Referring to the appendix 
on page 857, 1 would add that the rectifier caused 
disturbances on -the telephone circuits bctli when 
operating on the traction system and -wdien on tlie 
lifting system. , The disturbance has, however, been 
entirely eliminated by the methods shown in Fig. 46, 
but the diagram needs some further expla^tion. Tl^ 
piece apparatus I^ is a ^oker in the catiiode and is 
of the airicore pattern; this was in circuit origmali 3 ^ 
as were also the chokes in the anode. The latter were, 
how;ever, iron-cored, so that some attempt -was made 
by "the designers -to ofe-viate -the possible , trouble. The 
coilwHJi no denotation isof course tiie auxiliary resistance 
wWch is required to.supply a load on tiie rectifier at 
ti-mPB i^ht load ‘on the system. A lantern slide ex- 
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hibited by Prof. Marchant showed a reactance in the 
neutral of the alternators and resonant circuits on ^e 
phases instead of a resistance in the neutral. Tins 
reactance would form a very large piece of apparatus 
in a modem power station where the current to earth 
for alternator protective purposes must be equal to the 
current of the largest alternator ins^Ued in the station, 
and th& may be over 3 000 amppres. I should be glad 
if Prof. Marchant would give us some idea of the size 

of such apparatus. _ 

Mr. J. A. Morton : It is stated in the paper that, 
the usual three-phase power lines in this country having 
balanced currents and voltages and being mostly un¬ 
tapped lines, the interference with open commumcation 
wares is at present very small; but in the future the 
situation may alter. There are likely to be many high- 
tension supply lines erected in sparsely populated and 
agricultural districts where nothing but an overhead 
line would pay and where the loads taJcen off are at 
irregular intervals and of.quite small amounts, th^ 
loads being almost certainly single-phase loads. 
This being the case, the currents and voltages in the 
tliree-phase transmission line will be unbalanced in 
different parts of the lines, and ihe possibilities of 
interference, will consequently be increased, unless the 
Post Office have by that time put their circuits where 
they should be, i.e. underground. In the case of bare 
telephone wires carried on the same poles with, and 
underneath, power lines, it is quite possible to get good 
speaking tlnough such wires, provided they are con¬ 
tinuously revolved and the insulation is mamtaine in 
a satisfactory state. Sudi telephone lines afe, however, 
likely to be of little«use when most wattfcd, that is to 
say, when something has happened to the power line 
itself. At such tunes the open telephone line is likely to 
be out of commission also. The best practice is to put 
the telephone wires in a lead-covered cable, the wires 
being paired and paper-insulated in the ordinary vray, 
and the lead covering of the cable being earthed. The 
telephone cable is usually suspended from the lon^^ 
tudinal steel earth wire which is also eartlied and winch 
itself acts as an efficient earthed screen between the 
telephone cable and the power wires.' I have never 
heard of dangerous voltages bein^induced m a telephone 
carried in this way. The suggestion, on page 843, 
for a change in earth connections is a useful one. 
has been discovered by possessors of wireless receiving 
sets who in some cases have reduced the buzzing m 
their receivers by taking the earth off the water ^tem, 
winch acts as a sort of collector of stray currents, ^d 
.finiHng an old bucket as a separate earth m the garden. 
On page 881 a case is mentioned in which mterference 
with overhead telephone circuits occurred because 
the outer conductor of a single-phase concentac cable 
was leaking to earth at several places. Would &e author 
expect suCh a state of affairs to cause mterfCTeiice on 
underground telephone circuits, i.e. on pjured circum 
in underground lead-covered telephone cables ? in 
author mentions that the earth required m connection 
with the operation of protective gear so^e^oww 
systems is objectionable, but I fail to see why t^ s ou 
be so. Prof. Merchant showed^in his first lant^ shde 
how the capacity current in pqwer system might cause 


interferince even with only one definite e^to on ihe 
sj-stem, but the protective-gear pilot circuit is nsually 
physically separate from the power qircuit, and the 
capacity current in a protective pilot cable must surely 
be too small to cause interference. There is, hotrever, 
one form of protective system in Ivhich each ^\ot^ 
conductor used in connection with the protective gear 
has an insulated copper earth-sheath round it which 
carries the capacity current b^k to the station, so that 
in this case it never gets to the earth at all and could 
not cause interference. The necessity on both power 
lines and telephone lines of having the insulation as 
perfect as possible is very apparent. There are high- 
tension lines which, although they axe the most exposed 
portion of the electrical plant and work under the most 
onerous conditions, are. never examin^ ufttil tney 
fall down. Some engineers who keep their station plant 
perfectly clean and well-maintained seem to forget the 
power line, presumably because it is not directly in 
front of them. The consequence is that insulators pt 
covered with soot or salt and that the line insula^n 
is not properly maintained. Lealt^e caused in tins 
wav will affect the communication circuits in the neigh¬ 
bourhood. Having said tliis, I wish to suggest to the 
author that possibly the Post Office themselves woyld 
get less interference if the insuktion of their own Imes 
and instruments were better maintained. 

Mr F. J. Teago; Fig. 1 is, in my opinion, the most 
interesting part of the paper. Further res^ch along 
lines might well be carried out m order to ^certain 
whether the interference curves for other t^s of 
receiving apparatus differ materially from that of Fig. 1. 
Having a set of typical interference curves, one could 
endeavour, in the design of electric generating mactoery, 
to avoid those harmonics which produce peak values of 
interference. Fig. 1 appears to suggest that the reason 
why d.c. machinery does not interfere to tiie sa 
extU as a.c. machinery is that the harmonic in tiie 
d.c. case are of high order and he beyond the ^ak 
whilst in the a.c. case they are of low order 
between zero and the pealt. I should like to point out 
that to eliminate harmonics from electnc^ 
to the extent desired by the author would be a difficult 
and expensive matter, and that self-help is usually the 

most effective form of assistance. 

Mr. C. Kettle : I should like to ^k the au^or 
whether more trouble is experienced with to^-ph^e 
lines than with single-pliase lines. I should 
that a partial earth on a three-phase sysl^ vnth an 
unearthed neutral would cause a great 
me late Prof. Steinmetz referred m one of ^ books, .to 
the great destructive oscillations that would occur on 
a 60-mile length if a neutral wire on a 
44 000-volt system fell to within 2 inches of the ^ound. 
An arc would be formed and the voltage would drop to 
26 000, the arc would go out, the voltage 
rise to 44 000, and this would go on intermittently tor 
fault w.,«iw. i 

to the author’s remarks on the question of toe ^esi^ « 
the machinery. In the Report of toe 
road Commission it was pointed out ^t wito toe 
accurate design and manufacture of toe 
many, if not all, of toe troubles with mductive mt«- 
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ference would disappear. Are there any difficiflties in 
the\vay of obtaining that end ? Mr. Teago has partly 
answered that question, and has referred to the difficul¬ 
ties that would be encountered in the design of dynamos 
to eliiJiinate indefinitely small leakage currents; but 


it is to be hoped that the difficulties will soon be over¬ 
come. I am pleased to note that interference is caused 
by direct-current systems as well as by alternating- 
current systems; the disadvantage, being common to 
both, cancels out. 


Mr. S, C. Bartholomew (in reply) : Before replying 
in detail to the discussion in London and Liverpool I 
should like to express my gratification at the manner 
in which the paper was received. The discussion will 
add considerably to the value of the paper, as much 
new matter has been added and the criticism is helpful. 

I have for long held the opinion that co-operation 
between the various interests concerned, referred to 
by Mr. Stubbs and others, is the only way of solving 
the majority of the interference problems. Mr. Stubbs 
points out that there is no specific reference to the work 
of Prof. ^Hughes on induction. The investigation of 
Prof. Hughes and his work have become merged in the 
general basic theory and I did not think it necessary 
to refer specially to him. I agree that it might be 
thought fronx the wording tliat the merit for the intro¬ 
duction of the cross-over system rests with America: 
I d!id not intend to imply this. As Mr. Stubbs points 
out, designs based on that system were prepared many 
years ago and are given in old Post Office Technical 
Instructions, which do not differ greatly from those 
shown in Fig. 19. It was not adopted, for the reasons 
given, but it has certain maintenance advantages over 
the twist system. Particular wires can be more readily 
identified and, in the event of a general breakdown, 
services can be more readily restored. There is also 
less risk of contact between wires, as in the twist system 
the clearance is less at the centre of the span. On the 
other hand,nn the matter of power circuit interference 
the twist system appears to have an advantage. When 
powe^ circuits are erected in proximity to telephone 
circuits ruiT on the cross-over system the crossing points 
in the latter may require correcting to co-ordinate wdth 
the position of the power circuit; this is not necessary 
where the twist system is in use. 

Prof. Marchant refers to the relative interference 
effects of harmonics of different frequency, and asks 
whether any figures other than those quoted from 
' Osborne are available. I have not seen the results of 
other investigations. The frequency weighting curve 
used for the interference-factor measuring set referred 
to by Osborne is reproduced in Messrs. Erikson and 
Mack’s papier on Transmission Maintenance of Tele¬ 
phone Systems.”* 

Mr. Parry calls attention to a disparity between 
theory and experiment in the case of electrostatic 
inducMqn produced by the Lalce Coleridge-Christ- 
church 66 000-volt three-phase line on a telephone 
circuit carried on the same pole line. I had noticed 
this difierence when reading Messrs. Marsden and 
Caldwell’s paper, and the reason for this disparity given 
by Mr. Parry—that the difference is due to the insulators 
not being designed to stand a pressure of 3 666 volts— 
is no doubt the correct one. I wish to thank Mr, Parry 

* Journal 1924, vol,62, p. 663. 


for the additional curves given of the induced voltages 
produced by two H 000-volt power luxes by electric 
and magnetic induction upon a neighbouring telephone 
circuit with various separating distances. There are 
one or two comments which I should like to make on 
this. The calculations are based upon the effects of 
balanced voltages and currents, which effects can be 
greatly reduced by transposing the power wires and the 
telephone wires. The most frequent causes of trouble 
are, however, due to the residual voltages and currents, 
upon which the transposing of the power wires has little 
effect. Moreover, as ll 000-volt lines are referred to, 
these would in most cases be fed directly from generators 
with neutral points earthed, and are thus more likely 
to be carrying a residual voltage dxie to the third 
harmonic or multiples thereof, which w'^ould be more 
objectionable thanrhe balanced voltages and«5fti»ents, 
and the values are usually unknown beforehand. As 
regards the separating distance between the power and 
telephone lines in this country, the minimum woxild 
rarely be less than the 66 ft. referred to, as for safety 
reasons, i.e. to guard against the possibilities of contact, 
this separation must not be less than 1J times the height 
of the telephone line, and would usually be of that order. 
It may be oi^interest to supplement the information 
on this point by giving some figures which have been 
published in America for a rough general guidance as 
to limiting lengths of parallel for different separations 
and voltages of supply circuits which, expeiience indi¬ 
cates, xisually will not lead to serious inductive inter¬ 
ference in paralleling telephone circuits. The table 
applies to parallels with 25- and 60-cycle supply circuits 
without earth connections, with the load reasonably 
well equalized among phases, and which are not un¬ 
balanced to an# extent greater than would be caused 
by the differences in the capacities between the line 
wires and earth in an untransposed three-phase supply 
circuit. 


• 

Separatioa 

Limiting length of ilhratlcl for 

11400 volts' 

.‘l.’l 000 volts 

100 000 volts 

ft. 

40 

1 mile 

700 feet- 


100 

4 ifiiles 

3*000 feet 

600 feet 

200 

15 miles 

2 miles 

2 000 feet 

600 

60 miles 

8 miles 

It *5 miles 

1 000 

• 

25 miles 

5 miles 


It will be noticed that these figures are also not based 
on the case of earth-connected power circuits and, more¬ 
over, do ndfc take into consideration tlxe effects of faults 
on the power line. Thi^ latter question is becoming of 
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as much, importance as that <ff disturbance produced 
by the normal working of the power lines. I under¬ 
stand that in Germany in certain districts the adminis¬ 
tration are in difficulties owing to the number of operators 
who are asking to be pensioned owing to the acoustic 
shocks received, which, it is claimed, undermine their 
health. Much greater ^separating distances than those 
given by Mr. Parry or in the. table will have to be 
allowed to prevent these shocks. It is gathered that 
the worst offeriders are not the very high-pressure lines 
but those of between 10 000 and 20 000 volts. 

Mr. Thorrowgood*s remarks are in the main confined 
to leakage currents. It is rather surprising to find that 
there is "'no interference at all with telephones on the 
South Western Section of the Southern Railway.'* 
The alterations to the rotary converters after the line 
was opened made a great. improvement, but when 
speaking to Mr. Thorrowgood's office at Wimbledon I 
have frec^uently heard the same Jiote that is picked up 
on some of our Southampton telephone trunks when 
they are slightly out of order. These trunks are erected 
on the railway line for a few miles. Much depends, 
'however, upon the definition of interference. A short 
telephoftp line—not a public line—^ill be satisfactory 
with^ considerable amount of induced noise, as the 
speech margin is usually ample. 

Mr. Mack finds it hard to understand why the paper 
deals almost exclusively with communication circuits 
over open wires, and then gives the answer. The very 
great majority of cases of interference which I have 
experienced have been with open lines, and the same 
holds good apparently elsewhere, due mainly, as Mr. 
Mack points out, t® the elimination of electrostatic 
induction where underground lines are used. The cases 
of interference with underground circuits by electro¬ 
magnetic induction are likely to be confined to tele¬ 
graphs using an earth return. Mr. Mack is correct in 
assuming that the noise-measuring circuit shown in 
’ Fig. 3 dates from 1913. I was not aware of the up-to- 
date position on this matter until I read the recent, 
paper* by Messrs. Mack and Erikson before the 
Institution, which appeared after I had prepared this 
paper. I agree with Mr, Mack that a proper comparison 
between the single-pha^e and the^ direct-current system 
of electric traction from the interference point of view 
would have to take into consideration the effects of 
electrolytic action on lead-covered cables. Electrolytic 
action could, I think, be logically brought in as iriler- 
ference,” but the paper was already sufficiently lengthy. 
In the matter of electrolytic, action nhe advantage is 
jof course with the single-phase system. I tried not to 
be dogmatic in this matter of interference as produced 
by the two systems of traction, but I^cannot help feeling 
that, judging from the pul?lished experiences, the single- 
phase system is, at the moment, the more to be feared 
—not pcrhhps so much as regards interference with 
speech as from interference with telegr^hs and by 
producing acoustic shock. The last point may be just 
as important with direct-current systems when high 
voltages are employed ; up to the present there has»been 
no trouble from the milium pressure usually ^ployed. 
Mr. Mack in a sense rather suppjjrts my view where he 
* Loc. fii. 


states ^ In some cases it has been necessary to install 
high-grade telephone cable to ensure this immunity," 

I do not know of a case where it hast been necessary 
to cable open wires adjacent to direct-current S 5 ^stems, 
although it has been necessary in some instances to 
alter the d.c. machines supplying* the currents a^ 
described in the paper. On the other hand, in a paper 
by R. Liljeblad before the Electrotechnical Congress 
in Gothenburg (1923) it is Claimed that a properly 
designed single-phase motor should not produce more 
disturbance than a corresponding d.c. motor.* The 
matter of telegraph interference remains, however, and 
as this is produced by the fundamental frequency the 
design of motor does not come in, and its extent depends 
upon the lay-out of the traction system. I do not wish 
to labour the point, but I cannot resist quoting the fol¬ 
lowing from Mr. Mack's contribution. " I am.not sure 
to what extent British manufacturers of power machinery 
have given close attention to this matter, buti suspect 
that some of the Continental manufacturers are ahead 
of them. Some Swiss companies in particular have 
considerable experience in the design of machines which 
are free from interference effects." Perhaps British 
manufacturers do not need my help, but the following 
extract from the report on Swiss economic conditions 
by O. A. Scott, H.M. Legation, Berne, issued by the 
Overseas Trade Department, appears to have a bearing 
on the matter‘ A sum of 22| million francs will be 
expended this year in connection with the displacement 
of a number of telegraph and telephone lines exposed 
to the inductive effects of the high-pressure overhead 
equipment of the railways." This sum is considerable, 
say £900 000. Further, the mercury-arc rectifier which 
caused the interference dealt with by Prof. Marchant and 
described in the appendix, was made by a Continental 
firm. The examples of precision balancing given by 
Mr. Mack are undoubtedly of the greatest assistance in 
preventing power circuit interference, but I *vvas under 
the impression they have not been developed specifically 
for that purpose but primarily for the prevention of 
interference between telephone circuits themselves. The 
methods refer, however, to cables, and my definition 
of reasonable balance referred particularly to overhead 
lines, and the degree of balance that can be obtained 
commercially in overhead open wires can be fairly 
expressed as one in which the telephone circuit is 
undisturbed by other telephone or telegraph circuits 
on the same route. 

I am glad that Mr. Twiss can see no advantage from 
the power suppliers' point of view in the use of a single¬ 
phase system with an earth return. In out-of-tl;e-w&y 
districts with no telephones in the neighbourhood it 
would no doubt be unobjectionable, but there should 
be few. places where there is a supply of power an^ no 
telephone service. Mr. Twiss treats the earthing of 
the neutral point of high-pressure three-phate systems 
as though it is without question the best arrangement. 
I know that the majority of power enpneers in this 
country’ do favour that method of working, but it has 
not always been so, and even at the present time there 
are a great number of systems in America worked with 
the unearthed neutral and it would be an easy matter 
* See Tehnish Tidskrift,fi October, 1923. 
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to c^uote European engineers who advocate if. The 
legal position as regards earthing of power systems is 
briefly as follow^. Certain earth connections are com¬ 
pulsory on low- and medium-pressure systems under the 
Electricity Commissioners' Regulations for securing the 
y^fei^ of the publfc. Other earth connections are per¬ 
mitted by the Electricity Commissioners with the con¬ 
currence of the Postmaster-General [see Section 10 of 
the Schedule to the Electric Lighting (Clauses) Act, 
1899]. The earthing of the neutral point on three-phase 
systems worked with high or extra-high pressures falls 
under this latter category, and permission has never 
been withheld to such earthing, subj ect to it being made 
at one point on each distinct circuit, and subject also 
to a proviso that the Postmaster-General’s concurrence 
may be A^vithdrawn at any time. I do not think that 
the industry has found this irksome in any way, and 
yet it is a valuable power of embargo that I believe 
the Postmaster-General would not willingly give up. 
Mr. Twiss points out that the principal inductive effects 
originate in the machines or transformers, and suggests 
that Section 69 of the Schedule to the Electric Lighting 
(Clauses) Act, 1899, should provide sufiicient protection 
for the Postmaster-General's telegraphs, and that any 
con-trol of the earthing is unnecessary. As the removal 
of the earth connection will usually remove all inductive 
effects from residuals, I may perhaps suggest that 
Mr. Twiss has reversed the umbrella, and that the 
earth connection is the larger of the two. Section 69 
of the Clauses Act requires the intervention of the 
Electricity Commissioners, and in my view it is better 
that the two parties concerned should settle matters 
directly, which is the usual way. As will be seen from 
the paper, the cure is usually found without it being 
necessary to alter machines and transformers, which 
would in g^eral call for greater expense. If, as sug¬ 
gested by Mr. Twdss, earthing of the neutral point is 
made com5>ulsory by including it as a requirement 
in the BJ.ectricity Commissioners* Regulations for 
securing the safety of the public, this would seemingly 
rule out the use of the paper resistances referred to 
on page 862. I should not like it to be thought that 
the proper design of generators and transformers is not 
the first consideration, but at the moment the control 
of earthing appears to be the easier way of bringing 
that about, as, if earthing is of importance, the designs 
will have to be such as to permit of it beihg done. Should 
the Commissioners decide that the safety of the public 
requires that the neutral point of such systems must 
be earthed, then the Postmaster-General's concurrence 
would apparently not be required, but such compulsory 
earthing might in some cases involve somewhat expensive 
alterations in other directions. 

The interference-factor meter referred to by Mr. 
Aldridge does not appear to be based directly on the 
curve shown in Fig. 1 of the paper. The curve was 
given by Osborne in the Review of Work of Sub- 
Committee on Wave-shape Standard of Standards Com¬ 
mittee," * and was reproduced as Fig. 8 in the paper 
on " Transmission Maintenance of Telephone Systems." t 
This curve is obtained by multiplying the sensitiveness 
* Transaciions of the American Institute of £llectrical EngineerSf 1019, vol. 88, 


of the average receiver the same current at different 
frequencies, by frequency, and this indicates the relative 
amount of sound interference produced by unit voltage 
of different frequencies present in the harmonics of the 
power system. Should the characteristics of the average 
telephone receiver change as suggested by Mr. Aldridge, 
this weighting curve^will presumably have to be altered 
with it. The interference-factor meter has beeh used 
in other countries than America, but on the other hand 
the design has also been criticized. If^is pointed out 
that the measuring instrument (thermo-galvanometer) 
sets up the average value from the currents flowing 
through the resonance connections. This average value 
could therefore only be regarded as a standard for the 
interference effects of the noise if the aggregation of 
the partial notes in the human ear took place in the same 
way, and it is claimed tliat a study of the physiological 
and psychological processes which come into play during 
listening does not support this view. I regret that I 
cannot give the details of the construction of the resonant 
shunts applied to power systems. One would anticipate 
difficulty in designing such shunts for use on large units, 
but there are no doubt many cases where they could 
be provided at little cost and used with advari^ge. I 
have tried them experimentally in two cases alros§ d.c.. 
machines, using makeshift material, with fairly good 
results, but apart from the case dealt with by Prof. 
Marchant in the appendix I know of no supply under¬ 
taking where they are in use in this country. In 
America there are, I understand, a number of cases 
where they are employed, I can give no satisfactory 
explanation*^ of the curious case referred to by Mr. 
Aldridge in ^^ch the harmonics dn the positive lead 
to a rotary converter differed from those in the negative 
lead; nor have I heard of such a phenomenon coming 
under notice elsewhere. Cases are Imown of super¬ 
imposed return current in a traction system, where 
current from a section :^d by long feeders from one 
station enters another station by its negative feeders, 
flows through the generators along its trolley wires a.nd 
through the distant cars to re-enter the former station 
by a shorter feeder on another route.* This does not 
appear to offer'^a satisfactory explanation, however. 

The experiences giyen by Mr. Hutchison of the 
employment of shell-type transformers connected star- 
star, are very illuminating, confirming in every way the 
unsatisfactory nature of such a combination from the 
operating point of view, apart from the interference 
aspect. The severe effects may be due to resonance, 
and a tertiary ‘Cvinding would probably provide a 
solution. It would no doubt be difficult to add a third 
winding to each core to form the delta, and attention 
can perhaps be drawn to a ^variation in which some 
closed turns (copper bands) are placed round each limb. 
This method is described by H. De Pistoye.f Success 
is claimed for the method. 

I wish to thank Mr. Collard for his full explanation 
of the noise-measuring arrangements described in the 
recent paper by Messrs. Eiikson and Mack. I am not 
quiter clear, however, how a ratio between the noise 

♦ J. G. andP'R. G, Cunmfpb : ** Problems in^ractioa Development,’* Joumdt 
191^ vol. 60, p. ft92. , ^ 0 ^ ^ , 

f Rivue Gini^aU de VEUclridU, 1021, vol. 9, p. 667; also Se%ence Abstracfe, 
Sect. B., 1921, vol, 24, p. 408. • • 
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values as low as could be obtained when measurements 
are made on open lines. This would imply that the 
noise on the loop was greater than that between the 
wires in parallel and earth. If this is correct, then 
presumably the IQO 000 ohms in circuit in the latter 
case is accountable. In the matter of the relative 
interference effects of d.c. and single-phase traction, 

I shotild point out that communication circuits comprise 
telegraphs as well as telephones, and it was by giving 
due weight tb the effects on the telegraphs that I was 
led to the conclusion that, at the moment, the single¬ 
phase system is the worse offender. So far as telephone 
circuits are concerned I should say that in this country 
more trouble is caused by d.c. systems than by a.c, 
s>'stcins. The further example given of the posi¬ 
tion of mercury-arc rectifiers in this matter is very 
interesting, and it is evident that in the early designs 
suiVicient consideration has not been given to this 
aspect. • 

Mr. Jalceman’s contril^gition is of particular value ^ 
he describes other methods of reducing harmonics in 
rotary converters and rectifiers than those given in the 
paper, and these should be of great assistance. 

Mr,^Stigant suggests that in Hie case of delta-star 
aiuf star-delta coixiiections of transformers there should, 
in practice, be no interference from residuals. I agree 
that this should usually be negligible. No outstanding 
cases of such interference have come under my notice, 
but a characteristic note can be heard in some cases 
on telephone circuits in the neighbourhood of such 
systems when the telephone circuits are out of balance. 

I cannot give particulars of the types of transfoimers 
(core or shell) or ^grouping. I note tftat Mr. Stigant 
attributes the harmonic phenomena in transformers 
almost wholly to permeability and very little to | 
hysteresis. I am not in a position to confim or 
challenge this, but I should like to draw attention to 
the following extract from Transformer Harmonics, 

^ by O. G. D. Dahl, a report dated January, 1923, which 
was prepared for the Research Sub-Committee of the 
Committee on Inductive Co-ordination of the National 
Electric I.ight Association. There has been con¬ 
siderable discussion of the causes of the harmonics m 
the magnething cilrrent. ^Vhile opinions on this 
question have differed a good deal in earher years, most 
investigators and engineers now agree that ihey are 
caused both by the varying permeability of the non 
and by hysteresis, which evidently is the case. The 
multiple earth connections on the North-East C^st 
are made at transformers and nof^t generators. The 
venerators may be earthed, but they are on separate 
and distinct circuits. I am sorry that I 
anv Information as to the diffusion of the earth cunents 
.shown to be circulating when tlie tests were made. 
This would no doubt be governed by 
the neiwWk in overhead and underground plant, ^d 
Z of the latter. Mr. SBptef. CQm.«ate oa a. 

rcHonuut shunt versus the interconnected-stax com- 

p3„r, If on tho ratio, of tho latter, »• "'f 
The I'lsl mclhod was tried some years ago at my sug 
iI2:u.rrcoso sanoos 

i^vniTiencert fxid proved qui1*> efiective. In this 
;S"r wm f rtoaately available « U» 
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geneihting station a transformer which could be used 
for the purpose. * • 

In reply to Mr. Wiithrich I shoulcj like to point out 
that the expression is very successfully used referred 
to the operation of the single-phase system as ti system 
of traction on the Swiss* Railways, 9.nd not to th^ inter¬ 
ference problem. I have unfortunately been unable 
to obtain much information on the Swiss experience as 
regards interference, and i!he summary furnished by 
Mr. Wiithrich of the‘views of Dr. Behn-Eschenburg 
and Mr. Kristen is correspondingly appreciated. It is 
gathered that transient effects due to short-circuits are 
the greater dif&culty, and that these are just as likely 
to occur with high-pressure d.c. as with single-phase 
systems. Further, that placing the overhead com¬ 
munication circuits underground or their rellnoval from , 
positions contiguous to the railways is the only way of 
neutralizing these effects. This is bad news, although 
not so bad as it would have been considered^ few y.ears 
ago before the development of the loaded cable and the 
telephone repeater. Overhead routes for trunk •tele¬ 
phone service are not now so essential for providing 
efficient speaking conditions between all parts of the, 
country, but they are of the greatest value and for some 
services indispensable, e.g. overhead circuits havei:o be 
employed for connections betw^een the stations of the 
British Broadcasting Company when simultaneous 
broadcasting is in progress, as lengthy underground 
cables are not suitable for the transmission of music. 
Large sums of money were paid by the Post Of&ce for 
wayleave facilities for communication circuits on a 
number of railways, and the value of these wayleaves 
depends upon the facilities offered for the erection of 
overhead lines. As an example, the old Midland Rail¬ 
way carries what is called the backbone telephone trunk 
route from London to the North. If, therefore, it were 
established that the electrification of the main railway 
routes, whether by the direct-current or ♦single-phase 
system, meant that all overhead Post Office wireS must 
be removed from the railways, a great deal of work 
would be involved, and one can foresee the possibihty 
of the clash of interests, which it is not necessary to go 
into here. I had hopes that solutions would be found 
to the problems, without resource to such drastic 

remedies as those suggested. ^ « 

Mr Eames asks whether it would not be advantageefas,* 
in cases where there is parallelism with a traction 
system, to revert to the twist system of transposition. 
If the cross-over points are unsuitably placed in relation 
to the length of paraUelism, a rearrangement of the 
cross-over points should in most cases provide % ® 
economical solution. As pointed out in 
Mr Stubbs, there is an initial advantage with th W 
system in that no subsequent 

on the advent of a power line in the neighbourhood. 
Mr. Eames seems to assume that mea» 
of speech and the note frequency to which the ear is 
most sensitive must coincide. The former can b 
SSLS by compuison with dtelrical 

which do not involve the use of telephone re . 

SS^lv ae frequency at which the ear la most 
sS^I’can be as<Srtained mthout the use of telephone 
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receivjers. Lord Rayleigh did not use a telephone 
receiver in the investigations which led him to the 
conclusion that a frequency of 1024 per second was that 
at which the ear was most sensitive. The possibility 
of pow8r circuit interference^ disturbing broadcast 
p»ogr%mmes has seVeral aspects. There is the local 
interference which affects receiving sets in the immediate 
neighbourhood of the power line and which is usually 
confined to sets near to elfictric railways. Then there 
is the more serious interference produced by the high- 
pressure unidirectional current system used in con¬ 
nection with the electrical treatment (purification) of 
blast-furnace gases. This electrical process involves the 
transmission of rectified alternating current at 80 000 
volts over a line which is perhaps 300 ft. long, and sets 
up oscillatfons at the natural frequency of the line. 
This may ^ affect weless reception for many miles 
around, owing to the natural frequency approaching 
that- of the broadcasting transmission. Next there is 
the possibility of interference with telephone circuits 
used* for simultaneous broadcasting. The land lines 
between the broadcasting stations have to be overhead 
as the transmission of music by long underground 
circuits is not satisfactory, the reason being that the 
cut-off frequency on underground lines ^worked with 
loading coils and telephone repeaters is between 2 000 
and 2 600 per second, which is high enough for speech 
but not for music. Overhead lines are of course much 
more liable than underground lines to inductive inter¬ 
ference, and any disturbance picked up by the land 
line will naturally be passed bn to the listening public. 
No doubt many have noticed this on occasion. In one 
case the transmission of a Paris programme to the 
London station was virtually spoiled by tramway inter¬ 
ference with the land lines. Mr. Eames's suggested 
use of a search coil to detect the presence of power 
mains under roadways so that precautions can be taken 
when using « thrust-boring machine, is timely. I may 
say that tlje proposed method had been suggested 
previously, and coils have been made for the purpose. 
This is an illustration of the old proverb "'It is an ill 
wind that blows nobody any good,** as the unpleasant 
feature of power transmission which is the subject of 
the paper is here used as a means of assisting other 
parties in their road operations. A further use for tlie 
search cbil would be to show the presence of water and 
gas pipes, as these are usually carrying current if there 
are tramways in the neighbourhood. 

•* Mr. Cornfoot notes that electrolytic action has not 
been referred to in the paper although it is another 
aspect o| th'e interference problem, and asks whether 
the disturbance under this heading is serious. I agree 
that electrolysis is a subject that might properly have 
been ii^pluded, but on the other hand it is a matter 
that lends itself to separate treatment, and in any case 
to have dealfe with it adequately would have lengthened 
the paper to too great an extent. . In answer to the 
question, I regard the general position of disturbance 
from that source as serious. The possibility of earth 
currents interfering with dialling on automatic telephone 
s 5 rstems in which earth circuits are employed has riot 
been overlooked, and in connection with the proposed 
change from manual to automatic working in London 


an investigation was made to ascertain the extent to 
which the differences of potential between the earths ** 
of two exchanges might be caused by electric railways 
or tramways in the vicinity. Tests made with recording 
voltmeters showed that potential differences were 
usually of the order of 1 or 2 volts, but in some cases 
momentary kicks of tl^ order of 16,.volts were registered. 
There was some doubt ac to the true values in these 
latter cases, as the duration of the impulses was short 
and the sudden increase in the voltage "might cause 
the needle to swing past the correct point. Apparatus 
was therefore devised which showed the duration of 
short impulses and also recorded more accurately their 
magnitude. During a period of one month a P.D. 
exceeding 10 volts was recorded twice, and 6 volts was 
exceeded 13 times in tests between Central and Western 
Exchanges. It has been estimated that the lost calls due 
to these earth-potential kicks would not be greater than 
1 in 600 000, and that the degree of disturbance would 
require to be 60 times as great 8*s this before the standard 
of service would be sensibly affected. Mr. Cornfoot*s 
reference to the Electricity Commissioners* Regulations 
on the matter of maximum current allowed in the 
connection to earth ofp^the neutral point is of impopfetnce. 
The regulation in question limits the amount of current 
to 1/1000th part of the maximum supply current and 
was evidently intended to ensure that the insulation 
should be maintained at a high standard, as if that 
amount is exceeded it is laid down that step^ must be 
taken to improve the insulation. The regulation was 
evidently drawn up at a time when the effect of the 
third harmonic in producing heavy charging currents 
in high-pressur^ines was not knownp The 90 amperes 
referred to has nothing to do with insulation failure, 
and yet according to the regulations the insulation 
should be overhauled because of its presence. The 
regulation in its present form is not up-to-date and will 
no doubt be recast when th^ regulations are revised by 
the Commissioners. 

The point raised by Prof. Marchant, tliat the great 
difference in sound effects by currents of different 
frequencies as illustrated in Fig. 1 and by the figures 
given by Osborne, might be influenced by the personal 
factor, is to a great extent met by the way in which 
the investigations were carried out, as a number of 
observers were employed. The interference currents of 
different frequencies and amplitudes were superposed 
on the speaking current of a telephone line, and the 
diminished speech efficiency was arrived at by means 
of the ratio of deaf syllables received to tlie number 
of spoken ones. 

I should not like it to be thought that Mr. Fenneirs 
summary of the attitude of the Post Office towards tlie 
erection of power lines is entirely accurate. The paper 
was confined to the technical problems of interference, 
and makes no mention of protection or safeguards to 
prevent contacts between communication and power 
circuits; or of the legal position of the Post Offfce, or 
of policy which the legal position decides. Mr. Fennell 
introduces these other subjects in a somewhat challenging 
fashion and,^whilst not denying their importance, I do 
not think that this is thq^ right place in which to deal 
satisfactorily with the matte?'. I must, however, chal- 
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lenge the statement that ttte Post Office will try to 
prevent the erection of power lines. It is perhaps only 
necessary to remark that an over-statement has a very 
^veakening effect on the very best case. As Mr. Fennell 
points out, the perfectly balanced telephone circuit 
would not be affected by induction from power circuits, 
but he ignores the converse—^that a perfectly balanced 
power circuit would* not affect neighbouring telephone 
circuits. As explained in the paper, it is not possible 
with overhead wires to maintain perfect balance—^but 
a very high standard indeed is required to meet the 
inductive effects from other telephone and telegraph 
circuits—and it is contended that commercially that is 
the most that can be expected from tlie telephone 
administration. If inductive effects are experienced 
with the telephone lines up to this standard, then it is 
considered that the power line unbalance is excessive, 
and the ** deficiencies ” are with the power systein and 
not with the Post Offi.ce. Mr* Fennell seems to imply 
that public interest is qply concerned with the supply 
of electricity, and tliat telephones are a departmental 
interest only. This is not correct—both services are 
for the public, and it is of course equally the duty of 
the IJ^partment to see that the t^ephone service is not 
saddle?! with charges which are proper to the elec¬ 
tricity service. Mr. Fennell says: ** The Post OfQ.ce 
cannot fairly claim to continue to follow railway routes 
when by so doing they impede or even prevent railway 
electrification.*' As pointed out in the reply to Mr. 
Wiithrich^ the Post Office have paid large sums for 
wayleave facilities on many of the railways, and if 
those wayleaves are rendered valuele^ by railway 
electrification—which I hope will not^be the case—a 
difficult situation may arise with which it is not within 
my province to deal* The use of earthed wires in 
reducing the electrostatic charging of wires is referred 
to by Mr. Fennell, and I am sorry that even on this 
I must differ from him. Mr. Fennell suggests that these 
wires should be placed on the telephone routes at the 
cost of the telephone administration; but why not on 
the power line supports at the cost of the power circuit 
owner? The analogy of the marker boards and 
armouring round underground power tnains seems quite 
good, but those are provided by the power main owner 
and not by the other users of the road. This seems 
to be sound, as it is only just that the owner of the 
dangerous thing should guard it, as the marker boards, 
at least, have to be provided to safeguard^ other 
authorities who may open the road. One would assume 
from Mr. Fennell's explanation th»t the marker boards 
are provided voluntarily by the owner of the armoured 
cable primarily for his own protection, but I have 
always understood that it was a requirement of the 
Electricity Commissioners made ift the interests of other 
road users. However that may be, it is pointed out 
that whilst on the one hand the use of earth wires may 
be beneficial in reducing the inductive effects from the 
residual voltages and currents, on the other hand it 
may increase the effects of balanced yoltages and currents 
by distorting the fields. 

Mr. Mercer refers Jo the interference effect^ sometimes 
picked up m^y miles away^from the poilit of origin, 
and on circuits not directly cojicerned. Tertiary induc- 




tion 6f this character is very often difficult to tr^^e and 
the instance quoted of a note being picked up lOU miles# 
from the power circuit is illustrative. ^ 

In answer to Mr. Breach, Fig. 43 refers to the currents 
in the earth connections on the 20 000-volt •network 
only and not to that in *the alternatbr earth conn^tiqjs. 

I agree that if a diagram had been given showing the 
earthing points the position would have been clearer. 

It was not given owing to ^e length of the paper and 
the already great number of diagr^ims. I am afraid 
my wording was not too clear in the quotation made by 
Mr. Breach from page 852. I did not wish to convey 
the idea that a second earth is required for the pro¬ 
tective gear, but that apart from other considerations 
an earth may be wanted for that purpose alone. The 
additional details given by Mr. Breach coitceming the ^ 
application of the resonant shunt to the mercury-arc 
rectifier referred to in the appendix are of considerable 
interest and value. Prof. Marchant's reply to. the 
question as to the size of the reactor used in connection 
with the arrangement of resonant shunts across the 
phases of an alternator is as follows:—“ It is difficult 
to give any general figure which would represent the cost ^ 
of a reactance necessary for a current of 3 000 amperes ; 
each case would have to be dealt with on its merits and 
the value of the reactance necessary would depend on 
the amplitude of the harmonic which it was desired to 
eliminate from the vrave-shape of the alternator." 

Mr. Morton points out that unbalanced power lines 
may result when high-pressure overhead, transmission 
lines are used for supplying current to sparsely populated 
agricultural* districts, as loads will be tapped off at 
irregular intervals, probably by single-phase circuits. 
This is a problem that must be taken into considera¬ 
tion. It is apparently a feature of distribution in 
America, and a warning against such anrangements is 
included in the Report of the Inductive Interference 
Committee of the National Electric Ligh^ Association 
and Bell Telephone System. Mr. Morton |sks whether 
I would anticipate inductive interference with under¬ 
ground telephone circuits owing to leakage on the outer 
of a single-phase concentric cable. No such case has 
come under my notice and, although I think that 
interference would not occur if the telephone circuit in 
the cable were balanced to the degree required for 
telephonic repeater worldng, it is possible that the paired 
circuits in the ordinary type of telephone cable might 
be affected, depending to a certain extent upon the type 
of apparatus in use. Such interference has been caused c 
by neighbouring cables carrying current supplied by 
mercury-arc rectifiers, and by cables Connected to 
generators supplying three-phase current with the 
neutral point earthed. A case of the former type Ms 
developed since the paper was read. I am afr^d that 
I did not make the position clear as regards the opposed 
necessity for earthing at the neutral ppijit on three- 
phase systems. I have understood that for the operation 
of certain types of protective gear an earth is reqimed 

at the neutral point. I know, however, that the earing 

is not required solely on that account. If the earthing, 
for whatever purpose it is provided, results in mter- 
ference, as it does in many cases, then it is objectionable 
on that account. 
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In pply to Mr. Teago, the type of receiving apparatus 
wo-uld doubtless have some influence on Fig. ], but the 
main characteristics are decided by the ear. As pointed 
out previously, Lord Rayleigh’s figure of maximum 
sensitivity was not based on the eSect on a telephone 
ref.eivpr. Mr. Teago says that it would be a difidcult 
and expensive matter to eliminate harmonics from 
e ectric machinery to the extent desired, and suggests, 
as an alternative, self-help"^ by the telephone engineer! 
It IS also a difflcult and expeng^ive matter to provide 
telephone circuits that will not be affected by those 
harmonics, and although self-help is practised it is not 
out of place to point out that, apart from other con¬ 
siderations, the elimination of harmonics at the source 
will hold good for all existing and future telephone 
circuits. Oh the other hand, if they are not removed 
the added^ difficulty experienced in the construction 
and maintenance of telephone circuits is a continuing 


one, involving not only ftiitial expense but permanent 
increase in maintenance expenditure and additional 
cost in the provision of future circuits. 

In answer to Mr. Rettie I should say that more trouble 
has been caused by three-phase than by single-phase 
lines. The former system is, however, more extensively 
used. So far as I knpw, we have^had no trouble from 
partial earths on three-phase systems worked with the 
neutral unearthed. Mr. Rettie expresses pleasure at 
the fact that interference is caused by direct current 
as well as by alternating current, and says that the 
disadvantage, being common to both, cancels out. The 
pleasure is wholly Mr. Rettie's, however, as although 
the disadvantage may cancel out as an argument it 
unfortunately does not cancel out in actual fact. From 
the communication engineer's point of view it would 
be better if only one system had the disadvantage; it 
would halve his troubles. 


A NOVEL METHOD OF STARTING POLYPHASE 
SYNCHRONOUS MOTOI^S. * 

By E. V. Clark, B.Sc., Associate ]\^mber. 


[Paper first received mh November, 1023, and in final form 31si March, 1924.) 


Summary. 

This japer records that while some difficulty may ordin 
arily be expemenced in starting up a polyphase synchronoui 
motor simultaneously with the alternator supplying tlu 
circuit, the difOculty is greatly reduced if the alternator ii 
7 type; and that with small laboratori 

method of starting is simple in the extreme, 
hurther, if the asynchronous alternator has a wound rotoi 
and an adjustable rheostat in its rotor circuit, then the 
synchronous motor may be run up to speed by the operation 
the lotor rheostat, with the asynchronous alternator 
running at full speed throughout. 

A scheme for operating small synchronous motors in a 
factory with this method of starting is outlined as being 
technically feasible, though inferior to other methods in 
general convenience and, therefore, devoid of much com¬ 
mercial utility. 

-Three fields where this method of starting may be of 
appreciable or occasional use are cited, viz. technical school 
laborat<er;es, testing-shops of manufacturers, and emergency 
use by supply authorities. ^ 


A standard method given in the earlier textbooks f( 
starting a synchronous motor is to run it up with tl 
alternator, i.e, to connect it electrically to the alternat( 

iwisiSS-isEs 
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while the latter is at rest, to excite both alternator and 
motor, and then to start j;:he alternator very slowdy, 
giving the motor a start by hand. The motor should 
come into synchronism and thereupon the alternator 
may be gradually raised in speed, bringing the motor 
up to speed^ with it. The author's students attempt 
each year this method of starting a synchronous motor 
m the electrical engineeiring laboratory of the Adelaide 
University, but wdth very little success, as the conditions 
are^ unfavourable. The two three-phase machines 
available for the experiment have very different wave¬ 
forms, and one has to be considerably under-excited 
when they are used in conjunction. Thus the syn¬ 
chronizing force at ^ow speed is small, and the motor 
readily falls out of step if the alternator is accelerated 
at all rapidly. 

It would appear that an asynchronous alternator 
should be much more suitable for use with tins method 
of starting, since the motor would completely determine 
the voltage and periodicity of the circuit; while irre¬ 
gularity of the acceleration of the alternator would only 
mean irregular negative slip, and the torque on the 
synclironous motor would always be positive. Thus, if 
once the motor is properly running there should be no 
tendency foj it to slow down and aiome to rest, unless 
the alternator is accelerated so rapidly ^having regard 
to the inertia of the motor; that the negative slip becomes 
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great enough to reduce the torcjhe below that necessary 
to overcome the no-load losses of the motor. 

Experiment showed this to be the case. There is 
very little difficulty in starting up the laboratory 6 kW 
three-phase alternator as a synchronous motor when 
power is supplied to it electrically by a 2 h.p. three- 
phase induction motor^ used as an^asynchronous alter¬ 
nator 2fnd belt-driven from a d.c^motor. This induction 
motor has a wound rotor which may be short-circuited 
for the experiinent. The synchronous motor is excited, 
the switch connecting it to the asynchronous alternator 
is closed, and the motor driving the latter is then started. 
As an asynchronous alternator has no power of self- 
excitatioii, it follows that no current Hows between it 
and the synchronous motor. But if, as the asynchronous 
alternator is started, a moderate hand-turn is given to 
the synchronous motor, this at once generates an E.M.F. 
and produces sufficient current both to excite the 
asyiicluTonous alternator and to laeep the motor running. 
The alternator may now# be run up to speed quite 
rapidly, and the motor will follow with no tendency to 
** fall out.” 

^ With the provision of an asynclironous alternator 
witli WQjind rotor and three-legged aheostat in the rotor 
-circuTt, fiowever, it is not necessary to start up the 
synchronous motor at the same time as the alternator, 
since the latter may run at full speed throughout the 
starting operation. The alternator, not being self¬ 
exciting, be connected electrically to the synchron¬ 
ous motor by closing the main switch, without any 
circulation of current. The motor is excited and the 
alternator rotor rheostat is placed on the* first notch 
as if the alternator wtsre being started up ^ ah induction 
motor. And now, by giving a hand-turn to the syn¬ 
chronous motor, E.M.F. is generated, current flows, 
and the motor runs up to a speed corresponding roughly 
to that which would be attained on the first notch of the 
starting rheostat if the asy^jehronous alternator and 
synchronous motor were reversed in position. Also, by 
cutting out the resistance in the alternator rotor circuit 
notch by notch, the synchronous motor runs up to 
speed without any excessive rush of current, only a 
small kick being observed as each succeeding notch is 

used. * . 

The simple and easy starting of a synchronous motor 
iti these circumstances is just what one would expect 
from theory. The torque of an induction motor, for a 
given rotor resistance, flux and slip, is the same except 
for sign, whether the slip is positive or negative. Hence 
if the starting torque of a 50-cycle 4-p(5le induction motor 
at rest—i.e. when the slip is 60 cycles per second on 
the first notch of its starting rheostat is T, then if we 
mechanically drive the induction motor at 1 660 rjp.m, 
and have electrically connected to it a 4-pole synchron¬ 
ous motor running at 60 r.p.m., we have a n^atiye 
slip of 60 cycles per second and a torque of —T with 
the same rotor resistance in circuit, provided the flux 
is the same in the two cases. But on a inductive 

circuit, a synchronous alternator of negligible internal 
resistance gives a constant 

speed, since the E.M.F. generated and react|,mce both 
vary as the speed. Hence as. the resistance in the 
circuit comprising asynchro»ou% alternator stator and 


synchronous motor armature is small, quite a small 
speed of the synchronous motor will cause a considerable 
current to flow and thereby produce th^ necessaiy’’ flux. 

Various tests of the two varieties of this method of 
starting synchronous motors have been carried •but in 
the electrical engineering laboratory^of the Univ^sit> 
of Adelaide with the small plant already referred to. 
Of the two ways, viz. running up simultaneously with a 
squirrel-cage type asynchronofts alternator, and starting 
on the rotor rheostat of a*wound-rotor type as>’Tichronous 
alternator, the latter is found to be appreciably the 
better with the laboratory plant. To run up simul¬ 
taneously needs considerably greater care, as the d.c. 
motor starts up very rapidly on the first notch of its 
ordinary starting rheostat, and the synchronous motor 
must be given the hand start at just the righif moment. 
On the other hand, if a special d.c. rheostat is used and 
the first notch allows but little current to flow, the sudden 
access of load as the as 5 nichronous alternator ♦picks up 
may cause a drop in speed sufi&cient to let tlie synchron¬ 
ous motor come to rest. Vdth the wound-rotor typ^of 
asynchronous alternator, the easiest way to start is to 
run this up to speed, set the rotor rhecstat on the first 
notch (or on that notch which gives maximum torque 
at the speed adopted), connect the stator to the unexciied 
synchronous motor, give a hand-turn and then close the 
field switch. The sjmehronous motor used in the 
experiments has very excessive ” tooth-lock action,” 
and it is impossible to give the shaft any considerable 
spin by hand if the field is excited. With a type of 
synchronous motor having more uniform flux distribu¬ 
tion, it would be a matter for experiment to determine 
whether the final act should be to throw in the field 
switch or the main a.c. switch. Naturally, excessive 
power is needed for the hand-turn if the motor is both 
excited and connected to the alternator, as suggested 
in the preliminary description of the method. 

Tests of starting up a s 3 n[ichronous motor tinder load 
were made by belting the motor to a line ^haft* and 
thence to a set of three unexcited 2 J kW machines with 
six bearings and rigidly coupled shafts. It was found 
just possible to start up on this load, if care was taken 
that as the rotor rheostat was moved from notch to 
notch the line current was not allowed to exceed the 
normal current rating of the asynchronous alternator 
by more than 25 per cent or so. If this were exceeded, 
the torque became too small and the synchronous motor 
came to rest. The motor was much under-excited, so 
that the stator flux would be considerably below normal. 

To test this method of starting on a machine of 
greater magnitude, experiments w^ere next mad§ upon 
a rotary conv^er of 160 kW capacity in one of the con¬ 
verter stations of the Adelaide tramways. This is a 
three-phase 26-cycle 600-r.p.m. machine; and for the 
asynchronous alternator set the battery booster o^he 
station was adapted, consisting of a 40 h.p# induction 
motor with wound rotor, driving a 200-ampere 160-volt 
booster. Temporarj’^ leads from a 100-volt tapping on 
the battery were connected through a water-bucket 
starter to-the booster, by means of which it was tyn 
as a d.c. motor;, and the stator leads of the induction 
motor were removed from its transformers and ® 

to the a.c. terminals of the rotary converter, the field 
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of which was separately excited. The inductidh motor 
is normally run off the transformers of one of the con¬ 
verters, so that i'ts voltage was suitable. The experi¬ 
ments we'6 quite successful, but it was found only 
just possible to give the converter the necessary hand- 
p^turg. The maclfine in question is provided with a 
belt-connected pony motor, by means of which it may be 
started from the a,c. side. With the belt removed, two 
men pushing on the puUeJ' and armature barrel-end were 
not able to impart sufficient vetocity to cause the machine 
to pick up. On replacing the belt, however, the greater 
facility thereby afforded for an effective hand-turn 
enabled the same two men to give the requisite start. 
No attempt was made to measure the required initial 
speed, but the anther’s impression is that it was in the 
neighboift-hood of 30 r.p.m., or, say, somewhere between 
6 and 10 per cent of the rated synchronous speed in 
this case. 

<1 Startijig up was tried both on the rotor rheostat, and 
simultaneously with the rotor short-ciremted. The 
fojpmer method enabled the set to be readily run up to 
speed for synchronizing on to the transformers. The 
latter tests showed that the set could be started up 
about as easily on the alternative method; but the 
cojiditions w^ere abnonnal, the d.c. starting rheostat of 
the battery booster set being an improvised water 
bucket which facilitated the running of the set at low 
speed but did not give sufficient range of resistance to 
enable the set to be brought up to full speed under load. 

In all these tests it was found desirable to excite 
the converter field before giving the hand-turn, and to 
let the closing of the main a.c. switch be the final action 
when a sufficient hand-turn had been given. The diffi¬ 
culty of turning the armature by hand was much the 
same, whether the field was excited or not, if the main 
switch was open; whereas the closing of the main 
switch made considerable difference, probably due to 
currents cciused by residual magnetism. In this respect 
the^behayiour of the rotary converter was just the 
reverse of that of the laboratory synchronous motor. 

In both laboratory and converter station tests, one 
fact was as evident as it was unexpected, viz. that 
starting up was very much easier if the synchronous 
motor was much under-exdted. One would anticipate 
just the opposite. A somewhat superficial explanation 
tha.t suggests itself is as follows : At the moment at 
which the circuit becomes active, whether by closing the 
main switch or the field switch, it is the synchronous 
motor which delivers energy to the circuit; and not 
until the flux of the induction motor is built up does 
that macRine act as an alternator and supply energy. 
Hence the stored energy of rotation imparted to the 
synchronous motor by the hand-turn must be sufficient 
to supply this initial flow of electrical energy without 
bringihg the machine to rest. Now at a given speed the 
voltage is% proportional to the flux, while the current 
will be almost proportional to the voltage. The time 
taken for the flux of the induction motor to build up 
will be much the same at any voltage, since the time- 
constant of the circuit is but little affected. Thus it 
follows that at a given speed the energy to be supplied 
by" the synchronous motor will vary almost as the square 
of its flux. The value of field excitation to give the 


easiest starting—that iS, the minimum hand start—will 
therefore be the smallest value sufficient to provide 
enough torque to keep the synchronous motor in rotation. 
It is very noticeable in the laboratory tests how, at a 
speed quite sufficient with low excitation, the motor 
comes to rest with a jerk on switching on too strong a 
field current. ^ 

It will be noted that the line current, which lags 
relatively to the voltage generated in the synchronous 
motor by a small angle at the initial'^ moment, ?iiust 
swing round to a lag of about 130® by the time the 
asynchronous alternator takes charge, since the latter 
can only deliver a leading current; and further, that as 
meanwhile the synchronous motor has given out energy 
and therefore dropped in speed, the frequency must fall 
steadily during this momentary transition period. A 
record by an oscillograph showing the waves of current 
and E.M.F. during the second or two following the 
closing of the circuit,-* would be of much interest and 
might render more evident 4he conditions required for 
the easiest starting up of a synchronous motor by this 
method. 

Once the synchronous motor is properly running on^ 
the asynchronous alternator circuit, one may pf course 
increase the field strengtli gradually with advalitage 
to the torque transmitted. It would appear, however, 
that a sudden increase of field strength would momen¬ 
tarily cause the synchronous motor to give out energy 
and might therefore pull it up if the speed were too low. 

Attempts to start up a single-phase synchronous motor 
in this manner met with very little success. The same 
two laboratory machines were used, with one of the 
three-phase Sthr-connected legs disconnected. By giving 
the greatest possible hand-turn to. the synclironous 
motor, one could occasionally get it to hold in, but this 
result was exceptional. The method might prove useful 
occasionally in running up to speed a single-phase 
machine that could be ^driven mechanically to, say, 
one-quarter full speed, but does not otherwise appear to 
afford much scope for use. 

This method of starting polyphase syncltronous motors 
would appear to have little scope for use in the factory, 
since it suffer? from three defects. First, excitation 
must be available while the motor is at rest; secondly, 
a hand-turn or its equivalent must be given at starting ; 
and thirdly, even though the asynchronous alternator 
may run at full speed throughout, yet there must be 
no pressure on the mains between the alternator and 
motor prior to the moment of starting. Nevertheless, 
it is not impossible to devise a scheme for the operation 
of a factory with a number of small synchronous motors 
to be started on this principle and operated from public 
supply mains. A control centre would be provided 
from which all motors would l)e started, and this would 
be equipped with an induction motor driving both the 
common exciter for all synchronous motofs and also 
the starting gisynchronous alternator which would have 
two poles more than the motor driving it. This set 
would run continuously while the factory was working. 
Each^ synchronous motor (with the exception of very 
small 01 ^^) would drive its load, by means of fast and 
loose pulley or friction^ clutch, and wpiuld be connected 
to the control centre by^ve wires, viz. tturee a.c. armature 
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leads and two d.c. exciting leads. The control switch¬ 
board would include for each synchronous motor a 
field switch and rheostat and a three-pole double¬ 
throw main switch, connecting to the starting busbars 
in one position and to the public mains in the other, 
with intermediate “ off position. Starting busbars 
would te connected thiough an ammeter to the stator 
of the asynchronous alternatof, the rotor of which 
would be wound and provided with a substantial three- 
legged rheostat. A synchroscope would be connected 
between the starting busbars and the public mains. 

To start any motor, the workman operating it would 
signal by bell-push that he desired it to be started and 
would proceed to rotate it by hand. The switchboard 
attendant at the control centre would put the rotor 
rheostat of the asynchronous alternator on to fhe first 
notch, throw the main switch of the S5mchronous motor 
in question into the starting position and then close the 
field switch of that motor. His ammeter would indicate 
directly the motor started? and he would then bring 
the latter up to speed by means of the rheostat in the 
alternator rotor, keeping, if desired, the motor at the 
low speed of the first notch until he got a signal to tell 
liim Jphd!U the friction clutch was fiosed, or the belt 
transferred to the fast pulley. As the asynchronous 
alternator has two poles more than the motor driving 
it, the S3nichronous motor will readily run up to syn¬ 
chronous speed with respect to the supply mains ; and 
the operate# must sjmefironize in when throwing his 
motor switch from the starting position to the running 
position upon the public mains. He thus* has entire 
charge of all motors, and by varying the e^^ting current 
either individually or collectively may keep the power 
factor in the neighbourhood of unity, or leading, as 
required. Any motors in. the factory which have to 
start and stop frequently—e.g., crane motors—may be 
of the induction type and have their bad power factors 
neutralized by over-exciting the synchronous motors. 

This scheme is merely put forward as indicating the 
technical possibility of operating a pumber of syn¬ 
chronous motors with this method of starting, for it is 
fully realized that the complexity of the^scheme renders 
its commercial utilitj^ extremely small. In special 
circumstances, where a large number. of small motors 


was desirable and power factor of prime importaiice, 
and where, in addition, labour was very unskilled, it 
might be advisable to install a system *of S3nichronous 
motors with centralized starting and a common e^jpiting 
source; but even under ihese conditions results could^ 
probably be obtained more satisfactorily by uSing 
synchronous motors equipped with amortisseur coils 
so as to be self-starting an(t self-synchronizing, and 
providing at the control.centre a starting transformer 
with tappings. This would eliminate the hand starting 
and hand synchronizing which would appear inseparable 
from the method of starting by means of an asyn¬ 
chronous alternator. 

There should nevertheless be some practical use of 
this method of starting synchronous motors, and three 
fields may be cited where it, should have possibilities. 

(a) In technical school laboratories, where if may be 
used both to illustrate the properties of the as 3 mchronous 
alternator and to start up synchronous motors for the 
plotting of V curves, etc. * 

(ii) In manufacturing-works’ testing shops, to start 
up alternators in order to parallel them on to llie a.c. 
supply mains, whereupon they may be tested as motors, 
either running hght or by means of a rope brake. ^ 

(c) In substations, for emergency starting when the 
normal starting gear is broken down, in cases where an 
induction motor set is available. For example, Stuart- 
street station of the Manchester Corporation some 20 
years ago contained an induction motor-generator set 
for exciting the main alternators. By means of this 
it should have been possible, without any temporary 
connections whatever, to start up on the a.c. side any 
motor-generator substation in which d.c. excitation was 
available, provided that the requisite ** hand-turn 
could have been given to the motor-generator set. 

The author’s thanks are due to Mr. W. G. T. Goodman,, 
chief engineer and general manager to theg^Municipal 
Tramways Trust, Adelaide, for permission to carry, out 
tests at one of the tramway converter statioife ; and to 
Mr. A. A. Watkins, chief assistant engineer, both for 
arranging the temporary connections necessary to enable 
the tests described to be carried out on one of the spare 
sets in the converter station, and for much assistance 
while the tests were in progress. 
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THE FIFTEENTH KELVIN LECTURE. 

KELVIN AND THE ECONOMICS OF THE GENERATION* AND DISTRIBUTION OF 

ELECTRICAL ENERGY. 

By Guido Semenza, Member. 

(Lecture ddivered before The Institution, 24/A April, 1924.) 


1. Lord Kelvin, at that time Sir William Thomson, 
enunciated his “ conductor law ” at a meeting of the 
British Association in 1881, that is 43 years ago. I 
should like to quote the words with which his paper 
began: 

The most economical size of the copper con¬ 
ductor for the electric transmission of energy, 
whether for the electric light or for the performance 
of mechanical work, would be found by comparing 
the annual interest of the money value of the copper 
with the money value of the energy lost annually 
in the heat generated in it by the electric current.'' 

As we all know, he came to the conclusion, as the 
result of a simple mathematical calculation, that the 
most economical area of a conductor is that for which 
the annual interes; on the cost of the copper is equal to 
the value of the energy lost per annum in the conductor. 

The law in this simple form has by some been con¬ 
sidered to be of very little practical value because it 
neglects a number of items, which affect the total cost 
of the transmission, "such as poles, insulators, etc. 
These itemf vary with the size of the conductor, and it 
is, in my opinion, this fact which has resulted in Kelvin's 
lawjbeing restricted to theoretical problems and in its 
losing, in* the minds of most engineers, much of its 
practical value. I have always felt that this is to be 
regretted and I am glad of the opportunity of explaining 
the true meaning of the law. 

If, on the one hand, I fully appreciate the honour 
conferred on me by the invitation to deliver. this 
Lecture, on the otlier I feel that my task is by no means 
easy. I am an engineer and not a scientist, and I can 
only speak as an engineer; I fear, therefore, that I 
shall not be able to maintain the high standard of 
previous Kelvin Lectures. 

There are, to my mind, two important features which 
make •Kelvin's law very interesting. The first is its 
relation to the intellectual character of the man whom 
we are honouring; and the second is the development 
thaifthis law can receive—and, by some, receives daily 
—^in every kind of calculation relating to electrical 
matters. 

* 2. We must go back to the time when the law was 
enunciated, the early days of electrical development, in 
order to realize its fundamental importance. 

In 1881 the Edison incandescent lamp had been 
shown for the first time at the Paris Exhibition, although 
it was in existence at Menlo Park two years before, and 
its appeaj:ance at the Paws Exhibition was preced d by 


much scepticism. Before that time only a few arc 
lamps had been used, and the transmission of power to a 
distance was still a dream. True, it had been discussed 
to a small extent, and in America somebody had pro¬ 
phesied the transmissipn of energy from Niagara Falls 
over a long distance, bu*^ nothing very conclusive 
appears to have been done before the experiments of 
Marcel Desprez, which were started in 1881 and were 
conducted on a practical scale only in 1886—^four years ^ 
after the time we considering—^when he succeeded 

in transmitting 60 horse-power from Creil tcr'^Pasds,. a 
distance of 60 km, but at a very low efficiency. 

In 1881 Edison already had in mind a distributing 
network, and in 1882 one of these became a reality in 
New York and one in Milan ^(Italy), I have tried to 
find out how he calculated ihe cross-sections of the 
conductors, and I have come to the conclusion that the 
only factor* taken into consideration was the drop in 
voltage. Frq«n the earliest days^ networks of mains 
and feeders were not very simple, and therefore the 
proper sections were determined by experimental 
methods, the tests being carried out on a model of the 
network constructed to a reduced scale. It appears 
that no economic considerations infiuenced the deter^ 
mination of the conductor areas. As regards the 
methods of Edison, his biographers report the following 
remark by him; I had not muc^ use for mathema¬ 
ticians either, for I soon found that I could guess a good 
deal closer thaiFthey could figure, so I went on guessing." 
And so I suppose he did the same in calculating his 
networks, but I think It is only fair to say that we owe 
a great deal to Edison's " guesswork." 

We can also realize that in those days, when every- 
thukg connected with electricity was still uncertain and 
vague, things were done more on an empirical than on 
a scientific basis^ They were years of nervous and 
intense research. Electric light was a rising star on 
the horizon, and all sorts of inventors were directing 
their efforts to the development and perfection of the 
new discoveries which promised to 3 nLeld renown and 
wealth. Many of these pioneers, I ain afraid, did not 
understand the difference between energy and current, 
and the necessity of accurate measurement was not 
then felt. At the time of this rush comes the Glasgow 
professor who calmly put a question which nobody had 
yet thought about: " How can the size of a conductor 
be determined in order to obtain the maximum economy 
from an iiectric transmission ? I am sure lhat some 
of the nervous inv ntbrs present at the lecture must 
have exclaimed: WSy ask such a curious question ? " 
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Sir William Thomson, howevV, was looking into the 
future. With his deep knowledge, he clearly foresaw 
the coming importance of the applications of electricity, 
he already had the conviction that electrical energy 
would be transmitted many miles and that electric 
lamps would be as common as candles, and so he 
realized the importan<^ of the co^ of the conductors 
used. *In his well-known paper of 1881 Kelvin had 
already discussed the size of conductors necessary to 
transmit 21 00t> h.p. from Niagara Falls a distance of 
300 miles, and in the same year he had read a paper on 
The Sources of Energy in Nature Available to Men 
for the Production of Mechanical Effect." He was fore¬ 
seeing the future and was guiding the others. And 
Kelvin’s law enunciated in 1881 was before its time. 

3. That this vision of the future was right, has been 
proved not only by the present importance of electrical 
engineering, but also by his having discovered and 
published an economic law which has, in practice, had 
wide influence. In fact, »ecent developments in con¬ 
nection with efficiency in the electrical industry have 
shown that the great majority of technical problems 
^ involved in construction, manufacturing and power 
generation and distribution, are questions of minima or 
•maxCna.* We nearly always discover that the limiting 
conditions of a given quantity are obtained by com¬ 
paring economic factors acting in different directions 
and following different laws. It is such conditions that 
limit the dimensions of our ships, the speed of our 
trains, the size of our smelting furnaces, and the height 
of our buildings. The general application^of this law 
might even bring thb natural pliilosopher to suppose 
that it is inseparables from the properties ^f matter and 
energy, which latter are the essential elements of industry. 
Is it not possible that by more careful investigation 
the principles governing this law might be discovered ? 
It may be mentioned, for instance, that very few laws 
controlling matter and energy^ are of a linear character. 
Friction, gravitation, every kind of distant action, losses 
due to electric current, magnetic induction, etc., are 
non-linear functions ; even in geometry, owing to sur¬ 
faces being quadratic and volumes cubic, contents 
inci'ease much more quickly than linear dimensions. 
Laws of this kind may*possibly determine the ultimate 
dimensions of crystals and organic cells, and the sizes of 
plants and animals. 

Kelvin’s conductor law is, I believe, the first state¬ 
ment of this general law. 

4. It does not appear that Lord Kelvin, occupied, as 
he had been, with deeper problems,*gave any further 
attention to the subject. This was, however, taken up 
by Professor Forbes in 1885 and subsequently by Dr. 
Kapp, both of whom developed the original law with 
a view to its practical application. 

As I have already pointed out, however, the majority 
of those wl!o, with the increase of electrical applications, 
had to deal with problems which wer^ continually 
becoming more complicated, did not fully understand 
the importance of the law and assumed that it was not 
of much use to tliem. They preferred, instead, toesolve 
their problems by tentative methods, or, shalUI say— 
without blaming anybody—^by ^guesswork. Moreover, 
although by a further develo^mgnt all the variables of 


the problem can now be properly taken into account, 
objections are still raised to this method of solution. 
It is said, for instance, that one cannot foresee the price 
at which the energy will be sold, and that as the^prices 
of metals are continually var 3 dng, so Jhat careful calcu¬ 
lations are apt to be upset by the first fluctuation o^ 
the market, why trouble to undertake long and compli¬ 
cated calculations when the assumptions on which they 
are based are so unstable ? Others raise the objection 
that there are, in addition to the economic, many 
other important considerations in fixing voltage-drops 
and conductor cross-sections. 

Some of the objections I do not propose to consider, 
as they are opposed to the spirit of engineering. Others 
are to some extent true, but, even so, it is s^ill a fact 
that calculations of this kind constitute a very good 
method for a first attack on a problem, or whabis some¬ 
times called a first approximation. We may, for good 
reasons, depart from the results given by ou# calculk- 
tions, but we shall always know where we are and 
where our calculations are leading us, and we shall in 
any case be prevented from adopting an absurd solution. 

5. Some years ago I expressed the opinion, for two, 
reasons, that calculations of this kind should be made 
by the graphical rather than by the analytical method. 
The first reason is that some of the variables of the 
problem cannot be expressed by a formula, and the 
second one is. that by a graphical method it is easy to 
see how the resultant function varies in the neighbour¬ 
hood of its maximum or minimum value. I may add 
that investigation of many cases has shown that the 
curve giving the desired result is nearly always very 
flat in the neighbourhood of its maximum or minimum, 
allowing, therefore, a certain latitude in the choice of the 
best cross-section. This is fortunate. 

Then, to an engineer at least, graphic^ tell much 
more than formulae. Lord Kelvin used to sa;^, speaking 
of physical phenomena: "I am never satisfied until 
I can make a mechanical model." Graphics are to 
formulae what models are to phenomena: when a 
mathematical process is plotted in the form of a curve 
we can see all its characteristics and satisfy ourselves 
especially as to the effect of altering one or more of the 
assumptions. 

Kelvin’s law to determine the most economical area 
of a conductor has been largely applied in the last 
20 years and some very complicated, cases have been 
treated by means of the graphical method. 

The cross-section of conductors to give the minimum 
capital outlay, or the minimum cost per kilowatt* or 
per Idlowatt-hour delivered at the end of th^ linfe, 
i.e. to give the highest return on the invested capital, 
has been determined, and hydro-electric and steam- 
plant loads have been studied with the assistance of 
the amplified Kelvin law. I shall therefore not deal 
with this matter further, but I should like to^how how 
this law has permeated neighbouring fields and I shall 
start with hydro-electric plants. 

6. In every country in which water power is utilized, 
some very interesting problems are apt to arise. Water¬ 
power plants can be divided into two types : (1) Those 
which I shall term " continuous-flow power plants," in 
which the natural flow of a river is utilized without an^ 
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cowection; and those which I shall call " reservoir 
power plants,*’ in which means are provided for the 
storage of waAr. The necessity of storage presents 
itself ^hen there is a marked difference between the 
<iiagram representing the natural flow of the river and 
^tha<ife representing the power demand. The natural flow 
may be high in summer and low in winter, while the 
reverse is usually the ca^e with the demand for power. 
On every power-distribution gystem there is generally 
an evening peak, although the flow of water may be 
constant; hence a reservoir is obviously necessary in 
order to provide for an annual, a seasonal, or a daily 
difference, according to circumstances. 

The cost of the reservoir is generally a very important 
item an<J it increases very rapidly with the height of 
the dam. Also, the number of Idlowatt-hours stored 
increases with the height of the dam, but not always at 
the same rate. On the other hand, we know that the 
above-nfentioned difference between the flow of water 
and the demand for power may also be dealt with by 


demand for electrical energy for 10 hours a day all the 
year round. A more complicated assumption can, of 
course, be made if desired. 

It is at once clear from Fig. 1 that unless we have at 
our disposal either some method of storage or auxiliary 
plant, we could not supply more than 30 000 kW, 
that is to say, an^oittput corresponding to the m^inimum 
flow during the year. 

Let us suppose that on the same rivpr a large reser¬ 
voir could be built. If a reservoir were constructed of 
such a capacity as to provide an annual storage repre¬ 
sented by the area CDC', then 40 000 kW would be 
continuously available and could be sold tliroughout 
the whole year. We thus obtain an increase in revenue, 
but also have a larger capital outlay. 

We could also fill up the hollow in the diagram by 
power from steam plant, or partly from a reservoir and 
partly from steam plant. 

Several economic p'roblems can be considered. Let 
us suppose that it is very flnportant that the cost per 



using auxiliary steam-power plants. We are thus faced 
with the economic problem of choosing between three 
different sources of energy, namely, a continuous flow 
of water, which cannot be controlled j a reservoir, 
which can be controlled within certain limits; and 
thermal plant, the output of which can be varied at will. 

When a case of this kind occurs, it is necessary to 
ascertain^ in what proportion these three different 
^uroes should be used in order to obtain tlie most 
economical result. Instead of treating the problem in 
a general way, I propose to discuss a particular case to 
show the application of the method. 

Let us consider a power supply from an Alpine river 
the flow ^f which is very small in winter, when all the 
high ground is frozen, and very abundant in summer, 
when tile sun molts the snow and ice. In Fig. 1 tiie 
curve ACDC'A' shows the variation in the flow of such 
• a riv r. For simplicity, the curve has been so plotted 
as to show the number of kilowatts available throughout 
the year. With a view to making this example as 
' ^simple as possible I shall^assume that there is a constant 


kilowatt-hour should be as low as possible and that 
the demand for energy is unlimited ; and let us ascer¬ 
tain what proportion of storage gives the minimum 
cost per kilowatt-hour, or, in other words, at what 
heiffht it is most advantageous to draw the line CC' in 
Fi^ 1. As the demand for power is, for simplicity, 
assumed to be constant for 10 hours a day, each kilowatt 
of demand will re^>resent 10 kWh per day, or 3 000 kWh 
per year (neglecting Sundays and holidays). In Figs. 1 
and 2 a curve MM' has been traced, the abscissae being 
kilowatt-hours and^the ordinjites kilowatts. This curve 
shows, for each position of the line CC', the correspond¬ 
ing number of kilowatt-hours stored ye^ly in the 
reservoir, or the stored energy as a function of the 
rated total eutput of the whole plant. The first point 
corresponds to 30 000 kW and the shape of the curve 
depends upon th^ shape of the curve ACDC'A'. 

Imorder to build a reservoir we must spend a certain 
amount j)f capital—^there is Is^nd to buy, sometimes 
even houses to destroy, a dam to buikl, canals, sluices, 
dischargers, etc. By making various assumptions as to 
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the amount of water we want to store, and from the 
hydraulic data applicable to the case, it is possible to 
plot a curve showing the capital outlay due to the 
reservoir, as a function of the total rated power of the 
plant. We can then derive from this curve the annual 
cost of the reservoir, that is, the sum of the interest 
on capital, the sinking-fund, the CQst of maintenance, 
labour/etc. Let us suppose that the curve NN' (Fig. 2) 
represents such expenses as a function of the rated 
output of the plant. The abscissae represent kilowatts. 


ZZ 110 


increases with the rated output; and at a very high 
output it tends to become proportional to the number 
of kilowatts installed. Let the curv% PP' (Fig. 2) 
represent these costs. Like NN', PP' represents an 
annual cost. If we add the ordinate^ of PP' and NN' 
we get the curve POQ, which gives the total anltuaf 
cost, including the reservoir, the hydraulic equipment 
and the power house. Dividigg, now, each ordinate of 
POQ by the corresponding number of kilowatt-hours 
generated in the year, we can plot a curve SS' showing 
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and the ordinates millions of lire.*. The curve starts 
at 1 000 000 lire and does not rise very rapidly at 
first (which is natural because many expenses are 
more or less independent of the height of the dam), 
while it increases more rapidly for higher values of tire 
storage. 

Let us now consider the main p®rt of the plant. 
Tliis consists of canals, pipes, buildings, waterwheels, 
electrical equipment, etc. The cost of all tl)^9e items 

« ^ 

• At the date of the delivery of Lecture the rate of exchange was 
Approximately 98 lire to the £. 


the cost of these kilowatt-hours. This curve has a 
miniiTinm value at about 66 000 kW. It also ^kows 
that the addition of the reservoir results in a more 
economical solution than that afforded by* thq con¬ 
tinuous flow alone. In fact, at an output of 30 000 kW 
the cost per kilowatt-hour is 9’4 centimes, and the 
most economical output with the reservoir 8-2 centimes, 
which represents, a saving of 11*6 per cent and an 
increase in the available power of 26 000 kW. 

By consideration of this diagram other conclusions 
can be reached. If, for instance, the cost per kilowatt; 
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ho«r supplied from the plant, assuming no reservoir, 
is reasonable, it appears that by the addition of the 
reservoir an Aitput of 65 000 kW instead of only 
30 DOg kW can be obtained at the same cost per unit. 
Moreover, by tal^ng into account the capital outlay on 
^thc^ plant, if the selling price of the energy is known 
it is easy to ascertain for different rated outputs the 
profit per unit, also th^ return on the capital outlay, 
and so on. ^ 

Now, if we want to take into consideration the use 
of steam plant, we shall have to start again from the 
curve MM' showing the number of kilowatt-hours 
required to fill up the hollow in the curve AA' (Fig. 1), 
and knowing the cost per kilowatt-hour generated by 
the steaiji plant we can calculate the annual cost of the 
steam power as a function of the total rated output of 
the plant. Using the same procedure as in the pre¬ 
ceding case, we shall obtain a new position for the 
curve SS', and a comparison of the two curves will 
show which is the better solution. 

As a second example we can consider overhead¬ 
line construction. One of the hardest fights has been 
to convince people that power lines are just as much 
a question of engineering as a bridge, a railway, or a 
tefplier line ; and therefore engineering calculations can 
just as appropriately be applied to overhead lines. 

I do not know why the construction of an overhead 
line has for so long been considered to be merely like 
stretcliing a rope between two poles for drying clothes. 
Fortunately, such times are over, and engineering— 
meaning thereby tlie art of doing what anybody can 
do, but doing it at the highest efficiency and at the 
lowest cost—is now applied also to overhead lines. 

The mechanical problem of a power line consists, in 
general, in providing a suitable number of poles, struc¬ 
tures or towers capable of supporting a certain number 
of conductors the sizes, characteristics and stresses of 
which are known. 

We cafl use 20 supports per mile or we can use 10, 
but what number gives the greatest economy ? Theory 
first, and experience subsequently, have shown that 
the length of the span does not affect the safety of a 
line—so much so, that even public authorities no longer 
insist on short spans for crossing roads. We must 
therefore be ready to adopt long spans if these prove 
to be advantageous. By lengthening the span, the 
number of supports decreases, but the supports must 
be higher owing to the greater sag of the wires, and 
heavier because the stress due to wind and snow on 
the conductors increases. The problem, therefore, 
b'ecomes the determination of a minimum, which can 
, be treated by the ordinary methods. 

A very interesting investigation of this problem has 
been .made by Mr. Carlo Fascetti of Leghorn.* The 
towers generally used for power transmission lines on 
the Qontthent are of the harrow-base type, the base 
almost always being square, and they are constructed 
entirely of standard angle-bar steel, except the arms, 
which may be of channel section (Fig. 3). The struc- 
• ture is in the form of a pyramid, having four angles 
connected by bracing lying in the faces of the pyramid. 

By considering 12 different towers of this t^e built 
h'JeUro'fcnicgf 1921. vol. 8, p. 486. 


for various heights, spans and cross-sections of con¬ 
ductors, and calculated by engineers of different firms, 
Mr. Fascetti comes to the conclusion that for ordinary 
practice the relation between the weight of a support 



of this type and the moment of the acting stresses on 
the wires and th^ trellis structure itself, can be reduced 
to a%imple expression of the form 

P = 0-025 {nkdL + mfflH 

where n is the number of conductors, d their diameter,. 
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h a coefficient depending upon the effect of wind on 
round surfaces, L the span, m a constant depending on 
the pressure of wind on an iron structure, and H the 
height of the tower above the ground. 

The above expression assumes that the pressure of 
the wind on the trellis-work is uniform and proportional 
to the. height of thef support. This assumption is 
justified by the fact that the angle of inclination of the 
columns is generally very small, and by the fact that 
the pressure on the arms carrying the insulators is 
neglected, this compensating for the difference in the 
s urface of iron exposed to the wind. 

Now a support of the type shown in Fig. 3 can be 
divided into three sections: the first, which I propose 
to call a, from the ground-level to the point to which 
the lowest wire is allowed to sag; the second, a length 
equal to the maximum sag / (which occurs with the 
maximum temperature and wind overload); and the 
third, the portion comprisiM the arms carrying the insu¬ 
lators, which I shall call iJT The lowest section a and 
the top section 6 are independent of the sag, while the 
central one is a function of it. The height of the support 
above the ground can be written JT = (a -h 6) + /i or, 
for si^npTicity, H = /t + /. We know that the sag f is 
giyen as a function of the total stress G on the wire, the 
length L of the span, and the tension T per unit area 
of the conductor, by 



is assumed to be 60 kg per metre of support, wfiich 
may be taken to be an average val^e. Also let us 
assume the height above ground of the lowest point 
of the lower conductor to be 6 metres.in warm w^^ather, 
and the maximum stress *on the wires to be 13 kff pej^ 
mm2. ^ 

If the above terms of Equation (2) are plotted in 
Fig. 4 the sum of their ordiwates will give the total 
weight of iron in the tovsers per kilometre of line, corre¬ 
sponding to different values of the span. In order to 
reach a decision more quickly, we can consider the 
cost of the iron instead of its weight, and we then 
obtain curve (8) showing the cost of iron per kilometre 
of line. 

We have now to add the cost of insulators and 
foundations. 

8. The cost of insulators is constant for each support; 
hence if the cost of the insulators of one support is 0* 
the cost per kilometre is 1 OOOC/L, and this is another 
parabola which has been plotted as (6) in Fig. 4. THie 
relation between the cost of the foundations and the 
length of the span is not so simple. Opinions are very 
divided in regard to the method of calculating the 
foundations, and I shall therefore adopt the metl^od 
which is most used. 

The overturning moment of tlie foundation is given 
by the sum of the moments due to the wind stress on 
the wires and on the trellis structure. 

Thus M = nMLH -|- 


By making certain a^umptions we can find the maxi¬ 
mum value of / without making use of ajup-lytical pro¬ 
cesses, tables and curves. Let the maximum value be 
fi where 



Then the weight of one support is given by 

P =. 0-026|^nML + w(AH-^)](A + ^) . (1) 

Now the number of towers per kilometre of line is 
equal to 1 000/L, where^L is the span in metres, so that 
the total weight of iron per kilometre of line is 
1 OOOP/L — p say. 

Equation (1) can then take the form 


This is a simplified formula, but is sufficiently accurate 
for our requirements. The resisting moment is given 
by 

Mr = ^Pc 

where P is the weight of the foundations,^ and c the 
width of the block transversely to the line. • 

W'e can assume c to be proportional to H, so that we 
can put c = PH. Then, assuming that the resistance 
of the earth provides a factor of safety, we can write 


or 

that is 


jPcH = hndLH + ImEfi 
\Pc = TcndL -h |mH 
^ %lcndL . m 

p -s --- j- 

BH ^ B 


The weight per kilometre of line is then 


P 

0*025 


nMh + 


m}fi 


QiL 




(2) 


• • 

in which the variables arc p and L. 

If we analyse the right-hand side of the equation 
into its components, we see that the first term nkdh 
represents a horizontal straight line (1),. the 
term a hyperbola (2), the third term nMGiI^/STi 

a quadratic parabola (3), the fourth term 
a cubic parabola (4), and the fifth term an inained 
straight line (6). 

Fig. 4 refers tb an 80 000-vok line with three con¬ 
ductors, each 12 • 6 mm in diafiieter. The wind pressure 


P iJend m 

1000j-lM0 5g-+ 10005 j. 

which is a hyperbola displaced from the axis of the 
abscissae by the distance 2 OOOftnd/P. 

We can now determine the cost of the conefete, 
plot these different relations and sum up the^ordinates 
of the various curves. The result is shown in the top 
curve in Fig. 4. 

The minimum cost per kilometre of line is shown to 
be for a span of about 180 m, but the curve shows that 
good results can be obtained for any span between 
160 m and 170 m, so that if there is any reason few 
departing slightly from the most economical span it 
can be done without much increase in cost. 
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ki making the above calculations I have used a 
simple expression—^^vhich is only approximately correct 
—for the weight of the supports, but the method is 
fully justified by the result, which allows a certain 
latitude in the chpicc of the span. 

• 9*1 want to show, however, that as soon as the span 
is cletei-inined the structure itself can be calculated with 
much more accuracy. ^ 

Tn statics a tower of the ^pe previously described 
could be considered to be a cantilever fixed at the base 


determined, but we might design any number of struc¬ 
tures capable of resisting the stress due to such a load, 
without the stress in the iron of the structure exceeding 
a particular value. Owing to their great length and 
small cross-section, it is important that the various 
parts of the structure should be capable of resisting 
buckling, and it is oJways neceRsary in this coijnection 
to employ a factor of Safety. 

As I have just mentioned, for a given^factor of safety 
many different structures can be calculated capable of 



and subjected to a certain stress applied at a fixed 
disfkncc from the ground. This stress, which is due to 
wind pressure acting on the conductors and on the 
tower itself, and also to components of the tension of 
the conductors, gives rise in the structure to a moment 
and a shear, wliich vary in accordance with the distance 
from the ground to the section of the tower under 
consideration. 

If a definite section be considered, for instance the 
base section nearest to the ground, the vdlues of the 
bending jpioment and shear on this section are completely 


resisting the given bending moment and shear. These 
different structures are obtained by varying the dimen¬ 
sions of the individual parts, namely the vidth of the 
base, the area of the columns, the area of the bracings, 
and the aifgle of inclination of the bracings to the 
horizontal. How shall we choose between the various 
structures possiBle ? This, again, is a question of 
detefmining a mirdmum value and is a new application 
of Kel^im*s law. In fact if, for a given bending moment 
and shear, we increase the width ot the base of the 
tower, the length of ttfe bracings will increase and 
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also their weight, the columns will be subjected to 
smaller stresses, and their cross-section will therefore 
decrease, so that we have a typical case of the sum of 
two quantities, one of which decreases when the other 
increases, and vice versa, so that the sum will reach a 
minimum under certain conditions. 

It is unnecessary hgre to set o^t the calculation in 
detail,* but Fig, 6 refers to a special case. The abscissae 
show the width in centimetres of a square base, and the 
ordinates the Veight in kilograms of the whole tower. 
It is interesting to notice the different manner in which 
the weight of the columns and the weight of the bracings 
vary, and the curve giving the total weight shows that 
it is not always true that a wider base results in a more 
economical structure. This answers a question which 
I am frequently asked : Why have the towers in con- 



WidtU of base, in cm 

Fig. 5. * 

ucction with Italian transmission lines such njurow 
bases ? 

The principle explained above has been used in the 
preparation of tables and curves to sSllow us to calculate 
rapidly, when designing overhead lines, the dimensions 
of the towers to be used. The development of these 
methods is to be found in 1921, vol, 8, 

pp. 220 and 454. 

10. I*ct us now consider a problem which is more 
electrical Ilian mechanical, namely, the choice of the 
most economical voltage for a transmission line. The 
voltage to be used for a transmission line has generally 
been settled either by the maximum-permissible voltage 
or by the voltages of neighbouring installations. ..Years 
ago it was thought tfeat the best result would ^ways 
be obtained by,^ using the higljest voltage practicable, 
hut when very high voltages ^were reached two new 


factors** affected the solution. The first was the r^pid 
rate of increase in the cost of insulators, towers, switch- 
gear and transformers as the voltagef»was raised, and 
the second was the formation of a corona. As a result 
the simple law, w^hich s}iow’’ed an economy in'^ copper 
by raising the voltage indefinitely, conflicted witfe tfee 
general economic law, the extension of Kelvin's law; 
and also the problem of the most suitable voltage 
proved to be a question of determining the minimum 
cost. 

Several attempts were made to solve the problem in 
a general way, and the most interesting work on this 
subject which I know is a paper by Mr, Claudio 
Castellani, who deals with the matter analytically.* 

Owing to the corona effect, the problem is by no 
means simple. As long as the Joule effect alone is 
considered it is quite easy, but when the critical 
voltage is exceeded the diameter of the conductor must 
be made greater than its calculated size, im order “to 
reduce the corona loss. The obvious solution would 
be to use a tubular copper conductor; but as a pfac- 
tical conductor of that type has not yet been economi¬ 
cally produced the tube must be filled -with copper. 
In other words, the area must be increased. Aluminium 
conductors can have a steel core, but this has luore 
effect on the mechanical strength than on the caxr^dng 
capacity of the conductor. The corona effect and the 
Joule effect are very different, the one depending on 
the voltage and the distance apart of the conductors, 
the other on the current. 

Now, for a particular transmission the most economical 
voltage may be below or above the critical point corre¬ 
sponding to the conditions for the formation of a 
corona. Up to the present, lines have been so designed 
as to avoid the formation of a corona, and a definite 
conclusion has not yet been reached as to thp desirability 
of allowing corona losses, although under special con¬ 
ditions the most economical transmission rSight neces¬ 
sitate a certain amount of corona loss. XJp t6 the 
present we do not know how to settle this question. 

The simplest way of dealing with the problem is first 
of all to ascertain the most suitable voltage "without 
taking into account the possibility of a corona. Only 
if the calculated voltage and cross-section of the con¬ 
ductors for the assumed spacing should be above the 
critical point is it necessary to make a second calcula¬ 
tion, taking into account the corona effect. 

11* I do not propose here to describe the first calcu¬ 
lation. That is based on the cost of the energy lost 
per annum due to the Joule effect, which is^a fun(?don 
of the voltage and of the cross-section of the conductors, 
also on the cost per annum of the copper, which is a 
function of the cross-section of the conductors, and on 
the cost per annum of the insulation, supports ter¬ 
minals, substations, etc., which is a function of the 
voltage. The result will be an expression^^containing 
as independent variables the voltage and the radius of 
the conductor, and the minimum cost can easily be 
determined. The graphic method of calculation pre¬ 
sents no special difficulties. 

The voltage and size so obtained disregard the possi¬ 
bility of a corona, leave out of consideration the spacing 
♦ Elettrotmtica, lOSJ, vol. 8,p. 471. 
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of ttie wires, and make certain assumptions about the 
atmospheric pressure. 

The spacing Q»f conductors on high-tension lines is 
the result of experience, and I may say that the per¬ 
sonal opinion of ^ the designer also enters into the 
CJuestion. However, by collecting data from a large 
number of practical cases and plotting them on squared 
paper, I found that for pressures above 60 000 volts 
air the points lie close to a straight line passing through 
the origin. We are therefore'’justified in assuming a 
spacing proportional to the line voltage, the constant 
being about 3*14 (cm per kV). 

12. Let us now suppose ■^at in a particular case, 
taking into account the atmospheric pressure, the 
values of the voltage and radius calculated in the 
manner described above would involve conditions 
causing a corona loss,. These values will no longer be 
applicable to the minimum conditions because a new 
loss has entered into the problem and was not allowed 
for in the previous calculation. It is necessary, there¬ 
fore, to make new calculations. 

In dealing with this problem it occurred to me, not 
only that a method could be devised for solving parti¬ 
cular cases, but also that it was possible to obtain a 
geiTeral solution of problems of this nature. That is 
to say :— 

{a) Is it possible to allow corona losses and find 
conditions for which the transmission will be more 
economical than if only Joule losses were considered ? 

( 6 ) For what conditions can this happen ? 

( 4 ?) If for special reasons we want to allow a corona 
loss, how shall we determine the best condition ? 


The corona 
expressed as 


losses for a three-phase line may be 


= aMJI 


V d- 

I-Blog,- 

T T, 


a problem in three dimensions, and if we assume as 
independent variables r and F, the losses w are repre¬ 
sented by points on a surface. 

In considering the three dimensions let us set off the 
radius t of the conductors on the axis OX, the voltage 
7 on OY, and the losses w on OZ. 

Now we can easily find on tlj^e plane OX, OY, the 
positions where the corona effect occurs. The critical 
voltage corresponds to the conditions when the second 
term of Equation (3) vanishes, which occurs when 

V bV 

l^Bloge—^O 
r T 

It is easy to see that this equation determines the 
value of the ratio F/r, which we shall call Wq. The 
expression F/r = represents a straight line OMq 
passing through O, which I propose to call the critical 
line. All the points uhder the critical line OMq corre¬ 
spond to conditions which imolve no corona loss, while 
corona loss arises for points above the line. 

The solution of an expression of tliis form is not ^ 
easy, but can be simplified by a proper choice of the 
variables. Instead^of assuming as independent;fariables 
V and r, let us take F and the ratio F/r = m. The' 
advantage of this assumption is that the expression 'in 
parentheses is constant for any particular value of m. 
By attributing different values to m, we proceed as if 
we explored the space by sectioning planes passing 
through the axis OZ (losses). 

It shoul4 here be observed that all the solutions 
having the'^same value of m are similar in shape but 
of different Smensions, so that -vTc can apply to this 
method all the properties of similar systems. For 
instance, when a calculation is made witli a particular 
value of F/r = m, it is possible to find the minimum 

OTOnn of ROllltionS 


where A ^ b. function of the pressure of the air; 

^ r ^ radius of the conductors ; 
d = spacing of the conductors ; 

F = delta voltage of the line ; 

B = and is a function of the pressure of 

the air. 


Our calculations being confined to a determination 
of the. most economical result throughout the year, we 
can determine in each case the mean atmospheric 
pressure throughout the year for the locality where the 
line has to be erected, so that we can now assume A 
to be constant. 

We have shown that the spacing d between the 
conductors can be assumed to be proportional to the 
.. voltage, so that we are justified in writing d = &F. The 
expression for the corona losses then becomes 



The sum of the corona and Joule losses will be 


V} k 


F%^ 




■u 


-)r- 

bV/\r 


Blog, 




( 3 ) 


This expression contains three variables, namely r, F 
and 14 ?, two of which are independent, so that it is 


which have in common this value of m. By a graphic 
method it is then possible to ascertain the group of 
solutions having the minimum value of m, that is, the 
minimum of the minima, and consequently the most 
advantageous point when the corona effect is taken 
into account, which is the desired solution. I should 
like to point out that, in endeavouring to determine this 
analytically, serious difficulties would be encountered, 
difficulties which are easily solved by graphic methods. 
It 'v^ould take too long to discuss in detail in this Lecture 
this method of calculation, but it will be added as an 
Appendix. 

13, I propose to confine my remarks to the method 
which I have just described. The two methods of 
calculation give two minima, one determined by neglect¬ 
ing corona losses, ajxd the otl^^r taking such losses into 
account. These two minima have different dimensions. 

Let us project the points representing ^these two 
■rn t niTna. on the plane OX, OY, and draw the straight 
line OMo whkh, as we saw, divides the plane into two 
parts—one in which corona losses occur, and one in 
which they do rtbt. Each of these two minima, in 
order«to have a real value and not be merely theoretical, 
must fedlr. in the corresponding' zone, the corona/' 
minimum above the line OMq, and ther “ Joule ” mini¬ 
mum below the line. Thd* development of the method 
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shows that both these point? can never have a real 
value, except under special conditions, when the points 
coincide, in which case they fall on the critical line* 

A careful examination of the results brings us to *^e 
conclusion that in the normal conditions under which 
modern lines are constructed, and when the costs 
of energy, materials^ and labour^ are in their usual 
proportions, the majority erf bases yield minima 
with Joule losses only. In order to fall in the zone of 
corona losses,'* the conditions must be rather unusual. 
The process enables us also to find the best conditions 
to be adopted when a corona effect is desired. 

I do not propose to try the patience of members by 
discussing further examples, and I shall merely mention 
that Kelvin’s law has been successfully applied to other 
hydraulic problems such as the determination of the 
best diameter of a penstock; to construction problems 
such as the determination of the best ratio between 
the iron and copper losses in -a transformer; and to 
electric traction, in thei% determination of the most 
advantageous^ spacing of converter substations, and 
so on. 

14. I do not know if I have succeeded in giving 
a suffi^ently clear picture of th# applications which 
Kevin’s law has received in all the fields of electro- 
technics, and in convincing the members of the 
utility, in their everyday calculations, of the various 
developments of this law. However that may be, I can 
only say that the attempt to do so has given me the 
greatest pleasure, as I have regarded it as a tribute to 
the memory of the great master whom we have all 
come here this eventng to honour. 

My esteem for Kelvin dates from m^ college days 
when the magnitude of his work first impressed me so 
forcibly, and it was with deep emotion and respect 
that I approached him when, in the year 1906, as a 
representative of one of the kindred societies invited 
by this Institution, I came ^ith other visitors to this 
country. On that occasion, during the receptions in 
Glasgow, I had the honour of presenting him, on behalf 
of the Associazione Elettrotecnica Italiana, with a fac¬ 
simile of Leonardo’s " Codex Atlanticus.” I have 
ventured to mention this fact because it has often 
occurred to me since* that sucji a gift had a special 
significance, as it brought together two great person¬ 
alities who had from many points of view striking 
resemblances. 

It is quite out of the question that the woftr of 
Leonardo could have had any influence on the develop¬ 
ment of Kelvin’s ideas. During Ihe latter’s youth, 
Leonardo’s scientific and philosophic works were almost 
unknown; his manuscripts, scattered, as they were, in 
different libraries, and written in a peculiar manner, 
which makes their reading very difficult, had been 
noticed* only because of the beauty and originality of 
the sketches distributed throughout the text, to which 
sketches we owe tlie preservation of thft manuscripts. 
Only after 1880 were they copied in legible characters 
and systematically studied, arousing general interest 
both for the depth and for the foresight of thn ideas 
contained in them. • » 

In reading Leonardo’s note^, and having in mind 
Kelvin’s personality, one is ior^ibly brought to compare 


these -Cwo men, born in different countries and separated 
in time by four centuries. ^ 

Silvanus Thompson, in his beautiful biography of 
Lord Kelvin, which formed the first of tliese Kelvin 
Lectures,* points out how Lord Kelvin always? endea¬ 
voured to consider the physical meahing of any rq^th^- 
matical research, and shows the importance which he 
gave to the applications of science. ’’ The life and 
soul of science is in its appfications,” he used to say. 
This tendency appears 'So have been somewhat original; 
and foreign students at that time who came to Great 
Britain to attend lectures in the universities, refer to 
it as a new feature in the methods of teaching due to 
Professor William Thomson. 

In the forgotten notes of Leonardo, who lived wdien 
Aristotle’s doctrines were still universally* accepted, 
we find these words: When you v^Tite on scientific 
matters be sure to add, after each proposition, the use 
you can make of it, if you don’t want your .science' to 
be useless ” ; and, in a more poetic form, “ Mechanics 
are the paradise of mathematical science, as by them 
we reach the mathematical fruit.” 

It will be remembered that Lord Kelvin used to say: 

” When you cannot measure or express in numbers 
what you are speaking about 3^011 have scarcely advanced 
to the stage of science.” And Leonardo; ” There is 
no certainty where one of the mathematical sciences 
cannot be applied.” And further on, ” No research 
can be called true science if it does not proceed through 
a mathematical demonstration.” 

I myself remember Lord Kelvin stating, in a private 
conversation in which the new electron theory was 
being discussed : ” Marvellous things have been done 
in experimenting and calculating, but as to the physical 
meaning of all this we loiow nothing, and who can tell 
whether we shall ever know an 3 rfching ? ” Leonardo 
did not hope for much more, as he wrote: ” Although 
we know many of their effects, the knowledge of the 
intimate definition of the elements is forbidden to men.” 
And many other resemblances between tliese two men 
could be quoted. 

The coincidence of thought of these two scientists, 
widely separated in distance and in time, makes one 
thoughtful. It shows that the higher a scientist rises 
in intelligence, knowledge and power of research, the 
more he tends to reach a particular type. The identity - 
of fundamental ideas and principles, found after the 
lapse of four centuries in men who had grown up quite 
independently and surrounded by radically different 
civilizations, culture and habits, shows that moffern 
science, which embodies such ideas and princ^les,'' is 
proceeding along the right lines. The fact that Leonardo 
was born in Italy in the Middle Ages, and Kelvin in" 
modem Britain, and that each was, on the wimple, a 
genuine expression of his own race, shows onefe more, 
and perhaps under a new form, that science is the 
strongest international bond. From science wdll come 
the solution of the serious problem of how so many 
nationalities and races living and struggling on this 
little fragment of matter, wandering in the infinite, can. 
exist peacefully one with another. 

In conclusion I must express my indebtedness to 
♦ Journal 1008, vol. 41, p. 401. 
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^Ir. Dino Nobili and Mr. Marco Semenza for' their 
assistance in connection with the mathematical and 
engineering calc\|lations in the Lecture- 


APPENDIX- 

In dealing with calculations in regard to the most 
economical voltage when cororfSi losses are permissible, 
it is convenient to express by a formula the relation 
between the annual cost of the installation and the line 


In this Lecture it has ^een stated that the spacing d 
between the conductors can be assumed to be 

d = 67.(5) 

A group of three conductors of a three-phase circuit 
is defined by the radius of each conductor and the 
spacing (which we st^all assume tp be uniform). Equa¬ 
tion (6) allows us to substitute the voltage for the 
spacing. 

The particular kind of system whicli is here con¬ 
sidered is of the type for which V/r = m ; that is to 
say, all systems having the same value of m are similar 



voltage. By investigation of a number of practical 
cases it was found that the following relation can be 
adopted with fair accuracy:— 

+ c .(4) 

wher^ ^ 

= annual cost; 

V voltage, expressed in kilovolts; 

T f= sum of three terms, the first based on the cost 
of the insulators, the second on the cost of the 
towers, and the third on the cost of the 
terminal substations. The first two terms are 
proportional to the length of the line, and the 
third to the amount of power transmitted. 


(see Fig. 6). For convenience, we shall assume the 
variables to be F^and m. The annual cost of trans¬ 
mitting W kilowatts at a voltage F, when no corona 
loss occurs, is 

= + + ° ; • ( 6 ) 

where J is proportional to the length of the line, to the 
resistivity of the metal used, to the cost per kilowatt- 
hour, and to the number of hours of use, and inversely 
proportional to tlje square of the power factor; B is 
propo]|;fional to the length of the line, to the specific 
weight apd cost of the metal us^, and to the interest 
and’^sinkuTg fund charges on the capit^ outlay on the 
conductors; and T is lhe*same as in Equation (4). 
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By substituting m == F/r we obtain 

Let us now assume for m a concrete value applicable to 
a particular system, the value of F corresponding to 
the minimum value The annual cost of all systems 

dtS’ 

having a comjnon m is given by ^ = 0, that is by 

which gl»e> .*** 

•hi + 

Wliat we are seeking is^^he minimum value of [8^^ 
when m variffe ; that is, to find what value of m gives 
the minimum value of the various minima. 

Inspection of Equation (9) shows that, in order to 
have (SJ)m ^ minimum, it is sufficioiit that (B/m + Tm) 
should OG a minimum; and, by making the derivative 
equal to zero, the condition for a minimum is 
m = ^(B/T), and the minimum itself, wliich we shall 
call (8j)^, is given by 


Let us put 


then 


(m — B logg bm)^ 
^/m 


= Q 


So — ALhcjif}^^ 


Adding this cost to that of the conductor insufation 
and of the supports and terminal substations, we can 
express the total cost as ^ 


^ JWhrfi , 

^jc — —771 -r 




where 0 ■ 


F4 
! ALhcjg, 


We could proceed to determine the minimum value 
of this function by the ordinary methods, but k is simpler 
to proceed in two steps, the first being the determination 
of the minimum value for a group of systenis having 
the same value of w, which is therefore constant. , In 
this case we can use the preceding formulae, substituting 
{B “1“ ^Q) 

The expressions for 8 and F become 


8 = 


h^4: 




+ m(P + . I 

m mi A 




+ 


-1 

hwy 


and 


F = 



2Jm^W^ \ 
+ CQ -I- Tmy 


• = 3 ^/(JBTW^) + c 

The corresponding cost per kilowatt-hour ^will be 



The value of the resulting voltage is 

^ = . 

Let us now consider the expression m ~ VW^T). 

From Peek's formula for corona losses it can easily be 
shown that the value of m corresponding to the critical 
voltage is ^ 

= B logg hmo 


This equation can easily be solved by using tables of 
hyperbolic sines and cosines. 

If '\/{BIT) < mo, no corona losses occur. a 
If ^{BjT) > 0, there will be corona losses. 

Corona losses are expressed by ^ 

^ „{m-B log, hmf 
- 

_ A(imr— B logg hm)^ F^ 

• ^ m^ 

The cost of the energy loss by corona eiffect is given by 


So = ALJhc^ 


(m^Blog,&m)g *F^ 
* m2 


where L = length of the line; 

h = number «f hours per annum c^pring which 
1Aie v Itage is ofL the line; 

Cjj. = cost per kilowatt-h£>ur. 


The smallest of the minimum values should be calcu¬ 
lated by equating to zero the first derivative of the 
equation 

- + rm + — = o 

m m 


The process would, however, prove very long and 
complicated. It is easier to plot the curve of O as a 
function of m. The ordinates of this cqrve are the 
sum of the ordinates of the hyperbola (B/m H; mT), 
which corresponds to the losses when corona effect is 
absent, and of the ordinates of the expression OQ/m, 
which is Peek's equation divided by m. 

This equation can assume the following form 

^ ^(w> - B log, 6m)a 

This function, in the region in which it has a real mean¬ 
ing, namely (d > 2r), has only one minimum, and this 
is zero. The sum of the ordinates of these curves gives 
us the curve of 0, and the minimum of this quantity 
establishes the conditions of maximum ecoiipmy- for 
the transmission. 

The following remarks can be made in conclusion: 

(1) It is impossible to calculate the most economical 
voltage without taking into consideration at least two 
independent variables, and the most cowerdent axe 
F and F/r(= m). 

(2) The simplest graphic representation is by pro¬ 

jecting on a plane the intersection of a number of 
parallel planes and the surface considered. ^ 

(3) The surface representing the case in which no 
corona effect occurs is different from that representing 
the surface for which corona losses occur, but the 
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inte3;5section of these two surfaces is contained in a 
plane perpendicular to the plane of reference, the 
projection of wfiich on this is the straight line OMq 
{ see Fig. 7), 

(4) Each minimtjm, in order »to have a physical mean¬ 
ing, must fall in the region applicable to the conditions, 
otherwise the solution is merely mathematical. 



(6) In case in which the minimum fails in a 

region in which corona losses occur it will be interesting 
to examine the effects of a change in the relation 
between V and d with a view to avoiding corona losses. 

Near the beginning of the Appendix it was stated 
that the different costs can, for convenience, be ex¬ 
pressed by simple relations. Such relations have been 
determined by plotting a number of practical values 
.aild drawing a smooth curve as near as possible to the 
figure which results if such points are connected by 


straight lines. By making use of present costs I have 
obtained the following expressions : 

J == 0-008455 LGJi 
E = S0-l2pkL 

T = 0-16031/ + 0*000148 PF -h 3-18 
0 = 608 4-32 TF 28 800 

where L = length of the* line in kilometres ; 

= cost per kilowatt-hour delivered to the line ; 
h == number of hours during which current is 
used per annum; 

p = cost of copper per kilogram ; and 
k = interest and sinking fund charges on the 
copper. 

The resistivity of copper has been assumed to be 1 - 7, 
and its specific gravity 8*5. 

We have seen that in the formula d = 6F the prac¬ 
tical value of 6 is 3 • 14 v/hen r is expressed in centimetres. 

Example. 30 000 kW has^ to be tran-»mitted a dis¬ 
tance of 120 km by three-phase current. 

Let us assume: 

power factor s= 0 • 8 > 

(cost of kilowatt-hour delivered to line) 
p (cost of copper) = 9 lire per kilogram; 
k (interest charges, etc.) = 8 per cent; 
h (hours of utilization) = 4 000. 

We have 

J= 405*84 i? = 6 923 

25*66 0*^= 231 360 

^ •> 

Inserting these values in the equation m = •\/{E/T), we 
find m = 16 - 43, 

We can now find the critical value of Wq, which is 
mo = 24-25. In order that the corona effect may be 
present we ought to have ^ 

E/T ^ mg, tliat is B/T ^ 588 

But B/T = 269 - 8, and therefore the minimum falls in 
the region where no corona effect occurs. 

By applying tfie preceding formulae we find the most 
economical voltage, V = 128 kilovolts. 

The cost of the transmission, Sj = 0*0119 ro 0-012. 
The radius of the conductor, r = 8 - 95 mm ; and the 
distance between conductors, d = 402 cm. 


= (f- lOSre; - 
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COUPLING BETWEEN TWO OSCILLATORY CIRCUITS, WETH SOME 

APPLICATIONS.* 

By L. S. Palmer, M.Sc., Ph.D., Associate Member, and H. W. Forshaw, M.Sc.Tech., Graduate. 

(Paper first received March, and in final form 1th July, 1924.) 


Summary. 

(1) Introduction. 

The different methods of coupling two oscillatory circuits 
are conveniently classified as follows *— 

(i) Indirect coupling through a field of force common to 

both oscillatory circuits. 

(ii) Direct coupling through an impedance common to 

both circuits. 

(iii) Direct /^Dupling through an impedance not included 

in either oscillatory circuit. 

(2) The Physics of Tuned Coupled Circuits. 

An elgy method of obtaining the vatUes of the two resonant 
fr^uencies for each system is described. The method is 
based upon current considerations and is applicable to the 
case when the two circuits arc tuned to the same frequency. 
The metliod is illustrated by applying it to a t3q)e of inductive 
coupling. 

m 

(3) The Frequency Variatio-ns. 

The properties peqpliar to the two resonant frequencies 
for each type of coupled circuit are discuss^, and coupling 
units are described by which the resonant frequencies of the 
directly coupled circuits may be made continuously variable. 

(4) Applications. 

These coupling units are applied to an aerial circuit in 
such a manner that each resonant frequency of the system 
can be varied independently oi the other, over any desired 
range of frequency. By this method of dual reception each 
wave-length is properly tuned and one aerial only is employed. 

Finally, the coupling units are applied to the inter valve 
system of a high-frequency amplifier, thereby enabling the 
amplifier to be readily tuned to any frequency and to amplify 
two signals independently and simultaneously. 


(1) Introduction. 

Various technical publications have dealt with ^veral 
forms of coupling between wireless oscillatory circuits. 
The various possible methods rrffiy be conveniently 
divided into three classes :— 

Class (i). Indirect coupling through a field of force 
common to both oscillajiory circuits. 

Class (ii). Direct coupling through an impedance 
common Jto both oscillatory circuits. 

Class (iii). Direct coupling through an impedance 
not included in either circuit. ** 

These classes are depicted in Fig. 1, resistance coupling 
being neglected. In what follows, resistances in the 

♦ The Papers Committee invite written communications (with a view to 
publication in the Journal if ^proved by the Committee) onifsa^ers published 
ui the Journal without beintread at a meeting. Communications should reach 
the Secretary of the Institution not later tflan one month after pubheation of 
the paper to whidi they relate. “ « 


oscillatory circuits will be neglected, as, unless they are 
very large, they will not affect the resonant frequencies 
of the systems. 

Circuits coupled as in Figs. 1 (a), 1(c), 1 (id), and l(J) 
have been treated from some aspects in most standard 
textbooks, whilst the forms of coupling depicted in 
Figs. 1 (6) and 1(e) have been added for completeness. 
Fig. 1 (6) is intended to represent two circuits coupled 
by placing one condenser in the field of force set up by 
the other. 

In every case the coupled system has a minimum 
value of impedance for two values of o), where co is 


X i 

■) 

e 1 

i 



p 


? f 


fa) Claes i 



Fig 1. 

equal to 2?r times the frequency. The variations in 
the resonant frequencies with variations in the coupling 
unit depend on the conditions of tuning. For the* 
simplest and most usual relationship between the LC 
products the resulting resonant frequencies are collected 
in Table 1, where the symbols have the signifmance 
indicated in Fig. 1. 

(3) The Physics of Tuned Coupled Circuits. 

Many of these results have been published el^where 
and all of them can be obtained by the usual analytical 
methods. There is, however, a simple^ method of 
obtaining the more important results for which the 
condition LiOi = = TfC7 is fulfilled. With this 

particular condition the two resonant frequencies occur 
when the currents in the separate circuits are, at any 
instant, circulating in the same or in opposite directions 
respectively. The system, as^a whole, presents alter¬ 
native relative directions to the currents, and the 
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dire<jtion of rotation depends upon the particufar fee- 
quency of the incident energy. This will be illustrated 
with reference tcrClass (iii) 6 which has not been dealt 
with hitherto. 

Experiments carried out with this form of circuit, in 
wfoicji vacuum tlx^mo-j unctions and galvanometers 
had been inserted, revealed the fact that when incident 
energy was of the frequenc 3 ^ct)i/ 2 n-[where a)i= 1/ V 


whole system. The impedance of Lq is negligible com¬ 
pared with infinity, and its value will also have no effect 
on the resonant frequency. Thus the resonant fre¬ 
quency of the system with this particular current 
distribution will be the same as that of either of the 
circuits separately. Such a current distribution will 
thus account for th% frequency In practice the 

current in the coupling inductance is not quite zero 


Table 1. 


Circuit 


(i) a 

(i>6 

{ii)"c 
{ii) c 

<iii) e 
<iii) e 
(iii) / 

(iii)/ 


‘/-V[K‘+- 


M 




V vKix+i.)" 

1/V(i0) 

1 


,}] 


IHiLO) 

IH(LC) 




.^■‘■V[(0x+0.)(0,-|-0o)] 


i}] 




Conditions 


LtPi=LtCi=LC 


■/VH'-vfe}] 

ll^/{La^■L^(Oy+at)} , 

‘/ (i.+i.)} ] 

/VWzT+fer.)}** 

V V[(Oi+o.) (Cj+Cf.)]} ~\ 


L^Ci^L^O^=^LO 

• ^ 




I Xfj^Oi= 

C-o)=i^a(C'a+Co) -XO 
Xi^i^XaCa^XO 


W 


O^^LO 


no current was measurable in the coupling inductance 
Lq ; whilst when the incident energy was at the fre- 

quency (Oz/^ir j^where wj = + lI + 

-th*e current in Lq was approximately equal to the differ- 
ence of the currents in and in 0^. The interpretation 
of these results is as follows. At the frequency o>i/27r 
the currents in the two circuits were oscillating in 
oppoliite directions at any one instant, whilst at tlie 
frequency o> 2 / 27 r the currents were oscillating in the 
same direction at any instant. This is shown in Fig. 2(a) 
hy the dotted and full-line arrows respectively. 

When currents flow in the directions indicated by 
the dotted arrows they pass downwards through the 
condensers and upwards through the inductances 
simultaneously. Then the two points A and B will 
be at the same potential and consequently no current 
will flow in the coupling inductance. The circuits will 
s:x.ct towards each other as rejector circuits and provide 
infinite impedance paths psxallel to their inductance of 
capacity. The presence^^of this path, therefore, will not 
affect the resonant frequency of either circuit or of the 


owing to the ohmic losses in the circuit X 2 C 2 , and 
consequently a *small power current flows in Lq to 
compensate for this wastage. This is equivalent to 
saying that there will be a small potential diflerence 
between the points A and B. 


A 



B 


Fig. 2. 

The second resonant frequency arises when the 
currents flow in tlie directions indicated by the full¬ 
line awows. In this case the currents in Gi and Cg 
are, at amv instant, flowing in ojkposite directions and 
the points A and B wilj be 180° out oi phase, with a 
consequent flow of currents the coupling inductance. 
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Suppose the circuit be re-drawn as in Fig. 2 (6). Then, 
since X'lC'i = L^C^, 

(l/a)Ci)/(l/&)Ci -I- l/wOg) = coLJiojI^ -f wig) 
and therefore the potential fall from A to C is the same 
as that from A to D. Hence C and D will be at the 
same potential and no current will flow along CD. 
The frequency a> 2 / 27 r will therefore be the same as the 
frequency of a simple oscillating circuit in which the 
equivalent inductance L' is equal to the value of Lq 
in parallel with Li and in series, that is :— 

L' ~ + ^2) 

■^1 + -^2 + Lq 

The equivalent capacity C' will be given by Ci and 
€2 in series, that is :— 

G' = 

Pi <^2 

Hence cog = l|^/{L' 0 ') 

Lq{Li^-\- L2) ^ n 

Li + L2 + Lq Cl + C2 J 

■ ^ 1^1 ^2 + L^G^Gi . _ Lq \ 

_ ^1 + ^2 -Lf + i/2 + Lq) 

Since LiGi = ^^2^2 ~ "tbis reduces to 


T 3~—-—- 

increases from zero to l/[2TrV(XC)] as the coupling 
inductance decreases from infinity to zero, whilst the 
frequency value increases from l/[ 27 rv^XO)] to infinity 
as the coupling capacity decreases from infinity to zero. 
Thus a coupling unit comprising both inductance and 
ca.pacity will enable the frequency to he varied ct 
will over any range of frequency.' 

The other solutions for class (ii) are only obtained 
when special precautions are taken to fulfil the required 
condhions. In other wVds, the value of one of the„ 
circuit components must be continualty varied as the 
coupling unit is varied. This requirement prohibits 
any convenient practical application of the result. 

In class (iii) one frequency (0)3^/277) is again fixed or 
independent of the coupling unit, whilst the other 
depends upon it. This second frequency (0)2/277) 
increases from zero to l/[ 27 T^/[LG)] as the, capacity 
coupling decreases from infinity to zero. This is com¬ 
parable with the effect of inductance coupling in class (ii). 
The frequency increases from 1 /[ 27 tV(^ 0 )] to infinity 
as the inductance decreases from infinity to zero'*; a 
result obtained by decreasing the capacity in class (ii). 
Thus with a coupling unit including both inductance 
and capacity, a> 2 / 27 r for this type of coupling can also 
be varied to any extent required. 




0)2 = 1 



—5?_'ll 

-f L2 + Lq) 


This valu® is identical with that obtained by equating 
the total circuit impedance to zero and solving the 


(4) Applications, 

{a) A method of dual reception .—The presence of two 
frequency values for which the impedance of two 
coupled circuits is a minimum suggests the possibility 



resulting equation for o), a.nd hence justifies the inter¬ 
pretation of the experimental results stated above. 

The method is quite general for those cases where it 
is possible to keep the circuits in tune, whilst varying 
the coupling unit. 

(3) The I^requency Vj?riations. 

An e 5 :amination of the results collected in the table 
reveals the fact that with class (i) both the resonant 
frequencies arc equally dependent on th^ value of the 
coupling unit. This is necessarily the case because the 
value of the product of the induciMince and capacity 
of either circuit is dependent on the value of the coupling, 
and vice versa. With class (ii) the normal condition is 
for one frequeT^iy tg be fixed, or indepencfent of the 
value of the coupling u»it. • The other frequency 


of receiving or sending simultaneously two signals at 
these particular frequencies. The simplest method 
would be to utilize an aerial with suitable ttFning 
capacity -and inductance as one oscillatory'’cirqpit and 
to couple them by a combined condenser and inductance 
coupling unit to a second oscillatory circuit as in" 
classes (ii) or (iii), where LiVi would be replaced by 
the aerial circuit. 

This method, howeyer, has the obvious disadvantage 
that only one frequency (0^2/277) can be varied fvithout 
upsetting the other frequency (a)i/27r). The difficulty 
can be overcome by a somewdiat complicated gearing 
arrangement between the three condensers and induc>, 
tances. 

A better method is that incficated in Fig. 3 , which 
enables each operator to receive signals over the wdiole 
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raxL^e of possible frequencies. This arrangement requires 
only one aerial and combines all four forms of coupling 
shown in Figs, ]p(c), 1 (d), 1 (e) and 1 (/). The method 
of operation can be most readily understood by a 
consideration of *he arrows, indicating instantaneous 
^r3;ent directionif. When currents at the frequency 
o)i/ 27 r are induced in the system the directions at any 
inslant are indicated hy the dotted arrows. The 
points A and B are at tne same potential (since LiGi 
^ =a L2C2) and consequently (or Lq) does not affect 
the resonance frequency of currents taking these paths. 
When the currents flow in the direction of the full-line 
arrows, their frequency being ai 2 / 27 r there is no differ¬ 
ence of potential between C and D, and hence <x)J 27 r 
can be varied by manipulating (or without 
affecting *<0,2/217, Each operator will therefore control 
one coupjing unit, thereby varying, in whatever manner 
he may desire, one only of the two resonance frequencies 
of*the S5ratem. Each resulting frequency will be entirely 
independent of the frequency determined by the other 
coiftrol unit. 

It will be noticed that X3 and Gq are used in parallel 
to vary <02/277, This is desirable because at the fre¬ 
quency ( 0^/277 the path through ^3 is in parallel with 
thaPfc through Li and (Fig. 3 , full-line arrows), and 
to bring < 0^/277 from higher values to l/[ 277 y'{LiGi)], 
must approach infinity. G^ is in parallel with Ci and 
and to bring <o.J 277 from lower values to 1/^277^{LiGi)], 


circuiting switches (S2 and S3) operating automatically 
(not shown in detail in Fig. 3 ) so that as each or either 
decreases appreciably from its maximum impedance 
value the other is cut out. G^ only is used vrjien <0^/277 
is less than l/[ 27 ry'(J!y 3 ^( 7 i)], and only is required for 
frequencies greater than y[ 27 ^^/(L^Gl)], and 6^ can 
be so constructed ^at they sljort-circuit themselves, 
X4 when it reaches its cninimiim value and 04 when it 
reaches its maximum value (switch in Fig. 3). 

Signals at frequency 0)3/277 can be detected by con¬ 
necting the detector to AB (Fig. 3 ). These points are 
always at a potential 180 ° out of phase for 0)3/277 and in 
phase for 0)1/277, so that signals of this latter frequency 
will not be detected unless strong enough to give a fall 
of potential due to resistance differences. 

Signals at frequency 0)3/277 can be detected across C 
and D (Fig. 3 ) except in the special case when == X4C4, 

when the resonance frequency is^such that the impedance 
between C and D is zert> and the signal strength is conse¬ 
quently zero. This can be overcome in practice by using 
a circuit X (Fig. 3 ) tuned to <oJ 27 r and idfcely coupled to 
Li and in such a manner that the induced E.M.F.'s 
due to currents at the frequency 0)4/277 add up in the ^ 
loose-coupled circfiit. With such an arrswgement 
currents of frequency 0)3/277 will induce opposing E.IVPF, *3 
in the loose-coupled circuit (see arrows in Fig. 3 ). 
0)3/277 will be unaffected provided that the two couplings 
of the loose-coupled circuit remain equal. 


Inductive 

reactance 

or 

admittance 


Capacitive 

reactance 

or 

admittance 


^a) 


Resultant 

reactance 



. Re^ltant 
\,admittance 
\ 

\ 


Fig. 4. 



must approach zero, i.e. approach infinite impedance. 
X3 and Gq in parallel fulfil these requirements if tuned 
to I/[ 277 VThe variation with frequency of the 
impedance of such a circuit is shown in Fig. 4 (a). 

For a similar reason X4 and are used in series to 
•bring 0 ) 1/277 nearer to l/[ 277 V(XiCi)]. Considering the 
distribution of currents for 0)4/277 (Fig. 3 , dotted arrows) 
It wim^e seen that for 0)4/277 to approach l/[277V(XiOi)] 
the combined impedance of X4 ^d (74 must approach 
zero. •This is accomplished by putting them in series, 
when zero impedance is obtained if I^Gi == LaCa, 
The variation of impedance with frequency in this case 
.. IS shown in Fig. 4 (6). 

In the practical form it will be necessary to vary the 
condenser Gi to tune the aerial circuit to the same 
value as X2(72. X3 and Jg will be provided with open- 


A® similar loose-coupler can be used for signals at 
0)3/277, but this method is not as good as that already 
indicated because*for the higher values of 0)3/277, when 
X3 is small compared with Xj -|- X2, the current through 
X4 and X2 will be small compared with that through X3. 

A receiving circuit designed on these lines was found 
to function in tliis rfanner ancf to be capable of receiving 
simultaneously and independently two signals of any 
required frequencies. Resonance curves A^ere taken 
which showe^ the two resonant frequencies to be quite 
independent. The decrement of either path was not 
affected by the presence of the other, for the curves 
indicted decrement values of the same magnitude as 
for simple LG circuits includiqg similar components. 
These reibnance curves were o^btai^ed by inserting 
vacuum thermo-junctipns#in the various branches of 
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amplification these two circuits are both tuned t5 the 
frequency of the signals it is desjfed to amplify. 
Neglecting ohmic resistances the paths from anode and 
grid to earth are of infinite impedance at this fr^uency, 
while the anode and grief circuits themselves have zej;p 
reactance to currents of this particular frequency which 
circulate in them. As this infinite impedance is attained 
without the use of high resistances, the system is par¬ 
ticularly efficient. It suffers, however, from the dis¬ 
advantage that it will only amplify effectively at the 
one frequency, unless some means is provided for 
re-tuning the anode and grid circuits to the new frequency. 

The foregoing discussion on this form of coupled 
circuit has shown that there is another frequency at 
which the system offers zero reactance to (lurrents in 
and which frequency depends on the value of the 

coupling condenser. 

At this frequency, which has been called the 

potentials of the anode of any valve and the grid of the 
following valve are 180 ® out of phase. Hence the«grid 
will again be subjected to large potential variations. 
If Gq is made variable (as shown in Fig. 6) this fre¬ 
quency can be varied and the system made to amplify 
efficiently for any wave-length within the range deter¬ 
mined by the values of the component inductances and 
capacities. If all the coupling condensers are geared 
together as shown, the process of tuning the whole 
amplifier is reduced to one operation. 

Besides this simplification of control, the intervalve 
system has the additional advantage that a step-up in 



Fig. 6. 


quency vl 2 650 in the coupling capacity C3 (where v is voltage- is possible, maldng the variations of grid 
the velocity of light). potential greater than the variations of anode potential.'' 

(6) An intervalve systen^for high-ffequency amplifier ^— This can be seen from the fact that the currents in 

A common type of high-frequency amplifier is that and 2/^ for the frequency a)2/2^r are equal (seepage 897 ), 

shown in Fig. 6, except that the coupling unit Oq is ' and hence if Lji<,LQ there will be a voltage step-up 
usually a fixed condenser of large value and the circuit given by LqILj^» In general, since the effective value 
XsC's is replaced by a tl^d valve. * of the valve grid-filament capacity {Cq) is smalls 

This tuned choke int^valvesysten^may be compared than the anode-filament capacity (Oj), this step-up is 
with two oscillatory circuits coupled as in Fig.^1 (/). assured. ..... * 

The first circuit compijses the anode choke and the Normally the potential ratio in intervalve system 
valve capacity (anode to filament) Cj., whilstihe second is unity, and the large coupling condenser merely allows 
circuit consists of the. grid, chjke Lq and the valve the grid potential to vary equally and in phase with 
capacity (grid to filameni;) Og, ^ 1 ^ obtain maximum the anode potential of the preceding valve. -The value 


the circuit, and thereby obtaining direct-current 
measurements* The source of energy was a valve 
generator controlled to give constant current in the 
exciting Circuit to which the circuit under test was 
•coupled by a fixed mutual inductance. By this method 
the E.M.F. induced in the test circuit varied directly 


9 



Fig. 6. 

as the .frequency. Consequently Jihe height of the 
jresemandb peak B (Fig. 6) is less than that of A. 

•Apart from this, the variation of the height is in 
accordance with the resistance variation in the respec¬ 
tive paths taken by the currents. Some typical curves 
are given in Fig. 5 from which it can be seen that the 
current at a*£requency of v/2 860 in the coupling induc¬ 
tance La is quite independent of the current at a fre- 
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of Oq therefore matters little as long as it is not too 
small, thereby Braking its reactance comparable witii 
that from anode or grid to earth. Thus, with Oq 
variabl^^ the ampl^er will still amplify signals at the 
fi^ed frequency o}ijQ,iT as long *as Cq is not too small. 

If,'"therefore, such an amplifier were connected as 

shown in Fig. 6, where ^ ~ 

= it wiU be possible to receive on this par¬ 

ticular fixed wave-length simullianeously with reception 
bn a variable wave-length depending on the values of 
Co. will be tuned to this latter variable frequency, 
so that the two frequencies are separated in the two 
detector circuits. This arrangement only allows the 
amplifier to receive Signals at wave-lengths equal to or 
greaW than that of the fixed wave-length determined 
by the product LiCi. By using an inductance coupling 
the variable wave-length can be made less than 


^^/(LlOl) and the complete range of wave-lengths, 
could, therefore, be obtained by using a condenser and 
inductance in parallel. In this form it is not a practical 
proposition, because the inductance will not prevent 
the high-tension battery from affecting the grid of the 
valve. The difficulty can, however, be overcome by 
putting the parallel Coupling unit in series with a fixed 
condenser of Very large value, and therefore of very 
low impedance compared with that of Idle controlling 
unit. This design of amplifier is easily tuneable to an}'' 
frequency in addition to the fixed frequency, but, as. 
with all other amplifiers, is subject to self-oscillation 
after four or five such systems have been placed in 
cascade unless special means of preventing such oscil¬ 
lations are employed. Such a system is, however, 
economical in both amplifiers and aerials and is very- 
easy to operate. 
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Associate Hem'bersblp Examination Results- 

April 1924, Supplementary List.* 

Passed. 

Batham, Q. S. M. (New Zealand). 

r. Passed Part II only. 

Dalton, G. A. (South Africa). 

August 1924, Officers of the Royal Corps of Signals, 
Passed. 

Allen, Capt. F. J. (P.W.O. Scinde Horse). 

Bowen, Capt. W. O. (l/6th Gurkha Rifies). 

Brown, Lieut. J. H. [Royal Garrison Artillery (** B ** 
. Corps Signals, India)]. 

Cameron-Webb, Capt. J. H. (1/llth Sikh Regt.). 
Galwey, Lieut. W. C. V. (King's Own Royal Regt.). 
Gemmell, Capt. G. W. (2/7th Rajputana Regt.). 
H^disty, 2/Lt. R, W. [47/2nd London Divisional 
Signalise (T.A.)]. 

kencard, Lieut. W. G. L. (Royal Field Artillery). 
Knowles, Lieut. C. (Rifle Brigade). 

Penney, Lieiit. C. H. L. (Royal Field Artillery). 
RoOenberg, Lieut. R. L. M. [Royal Garrison ArtiUery 
(*'BDivisional Signals, India)]. . ' 

Schneider, Lieut. L. W. (Royal Field Artillery). 
Tayleur> Capt. G. (4/2nd Punjab Regt.). 

Walford, Lieut.. J. E. S.. (Worcestershire Regt.). 
Wheatley, Lieut. M. S^ (Dorset Regt.). 

Williams, Lt.-CoL T. R. (Australia Staff Corps). 
Willoughby, Capt. B. D, (P.W.O. Scind Horse). 
Wiseman, Lieut. H. J. purhain Light Infantry). 

« A ^ ♦ S|e p. 668. 


National C^jrtificates and Diplomas in Electrical 
' Engineering.^ 

The following is a further list of colleges and schools 
which have been approved under the scheme drawn up 
by the Board of Education and the Institution (see 
Institution Notes, No. 3^, page 18, July 1923, and 
Journal I.E.E., 1924, vol. 62, pages 209 and 381). 


Approved for Ordinary Grade Certificates (Senior Part-¬ 
Time Courses). 

Wigan and District Mining and Technical College. 
Watford School of Science and Commerce. 


Thd' Benevolent Fund. 

The following is a list of the Donations received 
during the period 26 Au^st-26 September, 1924 i— 


. £ s. d. 

Dalton, W. T. (Newcastle-on-T^e) .. .*.1 1 0 

Davies, Willigm (Chirk) .. .... 50 

Dickin, H. C. (Derby )' \ .... .. ^ 

Felix-Smith, L. E#(Aucld^d, N.Z.) .. .. 6 0 

Jakeman, R. G. (Birmingham) .. .. ^ 

King, C^D^. (Worcester) .. • .. • .. 6 0* 

Midland Aectrical Engineers' BalJ Coipmittee 21 0 0 
Walter, C. M, (Birmingbam) •. . v .. 1 1 0- 
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THE ECONOMICS OF POWER CONSUMPTION.* 

(WITH SPECIAL ’reference TO SMALL D.C. MOfORS.) 
U. J. Bolton, B,Sc. (Eng.), Associate Member, 

{Paper first received Qth March, and in final form im June, 1924.) 


Summary. 

The possibility of determining the frame size of a motor 
on economic instead of physical grounds is first discussedj 
and a basis is laid down for economic comparisons. The 
capital and working charges are considered in turn, and in 
connection with the latter the efficiency of a shunt motor 
when suitably under-run is exjSteninod. Applying this method 
to the case wh^e |* h.p. at 1 000 r.p.m. is required, the 
economical position is indicated for various conditions of 
service and prices of energy, and it is found that a J-h;p. or 
•J-h.p. frqjne is preferable in all but exce]itional cases. Apply¬ 
ing mathod to sizes ranging from J h.p. to 15 h.p. similar 
results are obtained, and it is found that .the usual physical 
criteria are only satisfactory as a sole basis of choice when 
energy is exceptionally cheap or hours of SCij/ice are short. 
The possible extension oC the method and the effect of various 
cliauges are briefly reviewed. 


It is characteristic of many physical operations— 
notably that of tlie^flow of current in a Conductor or 
of magnetic flux in an iron circuit—that the losses are 
dependent upon the density. It follows that in any 
relatively simple piece of apparatus, such as a bare 
conductor (and, to a lesser degree, a cable, a trans¬ 
former or even an electric moto»), the larger the apparatus 
selected for a given purpose the smaller will be the 
loss. Hence in totalling the cost of performing any 
given service the cost of the plant and the cost of the 
energy wasted are reciprocally related \^tli reference to 
the plant size, and one particular size will frequently 
indicate a minimum total cost. ,, 

It will be seen from the above that there are two 
entirely different and unrelated methods of fixing the 
size of plant to perform a given service. On the^one 
hand there are the. usual physical limits of heating, 
sparking, overloads, etc., and when the size selected is 
the minimum necessary to complj^ with some such 
specification it will be here referred to as the physical 
choice. On the other hand the size may be fixed so 
as to give the least total expendy:ure on plant plus 
upkeep, and this wiU be refenred to as the economic 
choice, ^he determination of this position—known by 
economists^as the point of maximum return, and found 
by Lord Kelvin in the case of a plain conductor—^will 
here be attempted in the mor^ complex case of a direct- 
current motor, and its size will be compared with the 
corresponding physical choice, d . 

* The Papers Committee invite written communications -a view to 
publication in the Jourml it approved by the Committee) on papers published 
lipg read at a meeting. Commnnications should reach 
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m the Jourml without__ ___ 

the Secretary of the Institution not lateFtha^one month after pubUcation of 
the paper to which tliey relate. ^ ^ . 

I.E.E. Journal, Vol. 62, No. 336, November 1^924. 


In view of tlie increased interest in economics of 
recent years, both in this country and in America, and 
of its many applications (such as scientific costing) in 
engineering production, it is surprising that there has 
been so little attempt at the costing of the consumption 
of engineering products. This may be due to the general 
backwardness of the consumer (in science and enter¬ 
prise) as compared with the producer, even when the 
two are the same person in different capacities; and 
also to the fact that the manufacturer, however anxious 
to save himself expense, is not always so careful* to 
do as much for his client. Much more is it due to 
the belief that in almost every case the economic choice 
will indicate a size smaller than that permissible on 
physical grounds, and will therefore he inadmissible on 
this account. This assumption is examined in the case 
of small d.c. motors in the present paper. 

It will be dear from the above that the ordinary 
processes of design and selection do not neglect economics, 
but in paying exclusive attention to the physical limits 
of the materials employed they are aU based on the 
assumption that the less the materials used the lower 
will be the cost. It follows that when a new point of 
view is brought in—that of the consume?—and the 
manufacturer's economy or “ cost of article ” is biHDad- 
ened to become '' cost of service," a new basis will be 
established both for the design and for the selection. 
Primarily it is a problem for the designer, since if more 
money than necessary is to be spent on the plant in 
order that less need be spent on its upkeep, the most 
useful field for such expenditure will usually lie in the 
direction of improved quality of iron and instflation 
and better space utilization, rather than in a mere 
all-round increase in the quantity of the materials 
employed. 

In spite of these facts this paper has been written 
from an entirely different point of view—tlaat^of the 
individual power user—and one way of putting its 
conclusions into practice consists simply in choosing a 
standard machine from the maker's list, of a Imrger 
size than the physical minimum. The reasons fdr thus 
leaving the more promising field of design and treating 
only that of selection are, in tlie first place, thht the 
designer has no particular interest in reducing the cost 
of a service, and, if he had, would never persuade the 
majority of purchasers to pay more for their motors—. 
action in this case must be primarily individual. In the 
second place, the manufacturing costs of qualitative 
departures from standard are extremely difficult to 
compute beforehand, wherea'S the data used iri* this 
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paper are the result of past experience and are generally 
available without the need for inside information.'' 
Thirdly, it will be clear that if a case can be made out 
for using larger (standard) fr|imes there will be a far 
better case for thef design of special machines of higher 
quality wherever tliis is commercially practicable. 

With particular regard to the last-mentioned possi¬ 
bility. the cases selected? for treatment here are the 
^smaller sizes—^from fractiongfl horse-powers up to 
15 h.p., commencing with direct-current machines. In 
such cases the individual user may be a large-scale 
purchaser, emplo 3 dng the machines for ventilation, loom 
driving, etc., and may be in a position to commission 
qualitative alterations if the calculations indicate that 
this is likfely to be advantageous. Another advantage 
which may appear in small sizes is that, the efEciencies 
being so low, the margin for improvement is considerable 
and its cQ$t slight, but it must not be forgotten that the 
value of a given efficiency improvement is larger the 
greater the output. 

It will be clear that tliere are a great many different 
economic problems in connection with the choice of a 
power unit. For instance, there might be alternative 
sor^s of supply, or the type or speed of the unit might 
be in question. In most cases, however, the physical 
limits and local conditions will determine these matters, 
and the only problems here dealt with concern the 
choice of a motor to give a fixed power and speed for 
a given number of hours a year. The simplest of such 
problems arises when there are only two alternatives, 
as when the same or rival makers quote different 
efficiencies at correspondingly different prices, but it is 
rare thus to get a pair of machines which are identical 
in all other respects. In the cases dealt with below, a 
range of alternatives will therefore be considered and 
the exact pZint of economic choice will be indicated. 

The firsC steps in solving any economic problem are 
to decide j^he basis of the comparison and then to tabu¬ 
late on this basis all the expenses involved. The most 
usual basis, and much the best in this case, is that of 
annual costs, assuming the service to continue indefi¬ 
nitely. Thus if the service required is 6 h.p. at 1 000 
r.p.m., it will be assumed that a suitable motor is 
purchased, and at the end of its life is replaced by 
another, and so on, all expenses being reckoned on an 
annual basis. As it is convenient to have a separate 
name for these regularly recurring expenses, all costs 
reckoned on an annual basis are here called charges." 

Reference has already been made to the fact that 
almost air kinds of operation involve two elements— 
the machine or structure made use of, and the labour, 

‘ energy, etc., necessary for its performance. In making 
a schedule of the annual cost of performing the operation 
there •are therefore two main groups, the " capital" or 
overhead ^charges necessary to provide and renew the 
plant,^ and the " work " charges necessary to operate 
it. Referring to these as the C and W components 
respectively, it will be seen that the former are chiefly 
, financial and are largely independent of whether or not 
the machine is in use, whilst the latter are chiefly 
materials, labour, coal and electrical energy. 

The actual preparafion of a complete schedule of the 
xhaiges involved in anyiservice would be an extremely 
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long affair, but it can be greatly simplified by omitting 
every item not affected by the change in question. 
Bearing in mind that the only alteration proposed is 
the substitution of a machine having a latter frame 
than the minimum size physically necessary, the following 
assumptions will be made:— 

(1) That the only ohange in the capital charges 

will be the increase due to the substitution of 
interest and depreciation on thi larger capital 
outlay (adjusted possibly for a longer estimated 
life). This assumes that there is no additional 
charge due to such items as insurance or addi¬ 
tional floor space, etc. 

(2) That the only change in the work charges will be 

the decrease due to the improved efficiency. This 
assumes that other items involved in the upkeep, 
such as repairs, etc., ara unaltered. In order to 
simplify this item still further, the actual input 
watts to the mote® will be divided into two 
portions, the one (equal to th# output) which 
can be regarded as transformed directiy into 
useful power, and the other which supplies the 
losses. This " loss coefficient," as it tias been 
called, is equal to [(1/efficiency) — 1] X orftput 
and is the only item considered in the following 
treatment. 

It is now possible to visualize the form which the 
economic comparison is to take. Graphically it will 
consist in plotting, to a base representing frame sizes 
to some suii^ble scale and conomenging with the minimum 
size physically necessary, two curves, C and W, repre¬ 
senting the structural and operation charges respectively, 
or rather such portions of them as are affected by the 
change in frame size. The former curve will rise and 
the latter will fall with the increase in frame size, and 
their sum will indicate total charges and should show a 
position of minimum cflhrge which may or may not 
lie to the right of the physical frame minimum. The 
same thing can be done algebraically by expressing all 
charges as constants or variables relative to the frame 
size. A point •of the latter is then found at which the 
rate of change of the two gropps of charges is equal 
and opposite, and if iffiis point indicates a larger frame 
than the physical minimum it wfill be economically 
sound to choose this one. 

I^ wiU be noticed that this operation -is strictly 
comparable with the application of Kelvin's law to 
, cables. In the cg^e of cables the independent variable 
is the area of the conductor, and (being a simple homo¬ 
geneous material) both the watts lost and, usually, the 
cost of the whole cable are linear functions of it, and an 
algebraic solution becomes easily possible. In the case 
of motors, one is dealing with a complex structure in 
which both losses and costs are made up qf a number 
of elements, and, although empirical formulae can be 
developed, sP graphical solution is usually preferable. 

A difficulty arises as to the choice of scale for the 
base line of th5 curves. Whilst representing in all 
case^the size of the structure or frame there are various 
ways itf ®rhich this can be measured, the most obvious 
being to plot with ai^ even or •logarithmic scale the 
maximum horse-powdJr oTitputs which the frames are’ 
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rated to give. Instead of doing this, however, the 
author has found it best to choose a scale such that 
either the W or the C curve is a straight line, and these 
two methods are illustrated in the two cases treated in 
this paper, an even scale being employed in each case. 
In the former case the scale indicates watts saved per 
h.p. output, i.e. the •values ^[l/dSiciency) — 1] are 
plotted from the right-hand side. In the second method 
the base divisions represent motor first cost, or, more 
strictly, annual expenditure on account of first cost, so 
that the C line is straight. 

In a service which continues indefinitely there will 
come a continually recurring time at which the structure 
is worn out and has to be replaced. This necessity may 
arise through an actual failure to function, through a 
rapidly increasing repair bill, or merely because fresh 
inventions have improved the alternative structures 
available. In any case lihe owner^must be presumed to 
make the change whenever it pays to do so, the length 
of the period beijg termed t9e “ economic life,** and the 
value of the old structure at the end of it (after deducting 
W:he cost of removal) the salvage value.** Looked at 
from an annual point of view, this necessity for periodic 
repl^emSat is termed ** depreciation ** or annual loss 
o*f .value on the part of the structure, although the 
actual “ use value ** to tlie owner may not diminish 
until the machine is finally discarded. 

For the solution of the problems considered below 
it is necessaiy* to find the annual figure which represents 
the cost of this periodic replacement, this being the 
amount which any spund concern should* lay aside 
each year to amortise the liability. Tl^g particular 
financial arrangements by which this deposit is 
made, or the particular accounting arrangements by 
which it is equated to the annual depreciation in 
the yearly balance sheets, do not matter here, as, 
provided they are efficiently conducted, all the 
alternative methods will have ^economically) the same 
result. It will therefore be convenient to assume the 
" sinking fund ** method in which the equal annual 
deposits earn compound interest at the rate paid on the 
original loan, and are so chosen as to amount to the 

required figure at the end of the economic life. 

• 

Let 0 = first cost,* 

S = salvage value, 

L ss^o^igrth of economic life, in years, 
i =3 rate of interest on capital, ^ 

dz = rate of sinking fund deposit, i.e. the annual 
end-of-year deposit which will realize unity 
at the end of L years. 


Then 


dz « 


(1 + iy-' - 1 • 


Just aS with interest rates, this deposit figure can 
conveniently be given as a percentage, and is more 
usually taken from a table than w'orked out*by formula. 
Table 1 is a convenient abbreviated table for percentage 
deposits (lOOdjKi). • 

Using the above S 3 mibols it will be seen that the^otal 
capital charges consist of Ci units per annum^for hire, 

' • It will be noted that ^ is less than 11L ow|pg to the fact that the deposits 

earn iaterest->-tbus it becomes approximately ^alf this amount in a 30-year 
life with interest at 6 per cent. * 


and (C —* S)dz for replacement of the plant emplo 3 ^d. 
Where the salvage value is small or wher| it is a constant 
proportion of the first cost, the second item can be put 
Gdzt where dz is the ^equivalent, annual deposit 
[dz X {C — 8)10], The capital chaige then becomeg^^ 
0{i + dz)t or, as it is usually termed, " interest and 
depreciation on the capital cost.** Thus if interest is 
at 6 per cent, the life 16 yeafs and the salvage value 
8 is one-tenth of the firs^cost O, the total rate for hire ^ 
and replacement will be 0*06 -{- 0*0423 X 9/10 = 0*088, 
and the total capital charge will be 0*088 C, 

It has already been stated that the only item which 
is to be plotted for the W curve in the case of motors 
is that which represents the annual cost of supplying 
the machine losses, and which is referred to below as 
the ‘'inefficiency** charge. The values of this curve 
will therefore depend upon two items which must first 
be considered—^the conditions of service and the 


Table 1. 


Li£e£ 

£nd-of-year deposit to realize £100 in L years with 
compound interest at— 


4 per cent 

5 per cent 

6 per cent • 

Years 

£ 

£ 

£ 

10 

8*33 

7*96 

7-69 

11 

7*41 

7*04 

6*68 

12 

6*66 

6*28 

5*93 

13 

6*01 

6*65 

5*30 

14 

6*47 

5*10 

4*76 

16 

4*99 

4*63 

4*30 

16 

4*58 

4*23 

3*90 

17 

4*22 

3*87 

3*54 

18 

3*90 

3*55 

3*24 

19 

3*61 

3*27 

• 2*96 

20 

3*36 

3*02 

•“2*72 

_^ * 


efficiencies of the motors when running below their 
rated output. 

It will be clear that the expense of providing a given 
power in watts for, say, 1 000 hours a year with energy 
at Id. per unit will be the same as for 2 000 hours at 
Jd, per unit, and it is therefore useful to have a composite 
term indicating the product of these two factors. The 
author has used the term “ service-price ** to indicate 
the hours of service per year multiplied by the price of 
energy in £, or the cost in £ of taking 1 kW for 4he 
number of hours per year for which the plant ifl questiop 
is connected. Thus for a plant connected for Scours 
per day and 300 days per year to mains with energy at 
Id. per unit (or 24 hours a day with energy at Jd. per 
unit) the “ service-price ’* would be 10. Thus the 
working charge W, i.e. the annual cost of wasted energy 
in £ = service price -r 1 000 per watt of inefficiency. 

With regard to the efficiencies of motors which are 
permanently and intentionally under-run it might be 
thought that the ordinary efficiency curve plotted to 
a base of output would correctly represent the perform¬ 
ance, but this is not the case. When a motor designed 
for maximum efficiency at full tt>ad or thereabouts is 
run at a lower load than thi^ the efficiency ^alla» not* 
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because it is necessarily less for the smaller input, but 
because the balance between the iron and copper losses 
has been upset. To find its true efficiency at a lower 
load it is necessary to re-design it, or else to under-run 
^t with regard 'to pressure simultaneously with the 
current reduction.* Under these circumstances a given 
frame will give only slightly lower efficiency at a half or 
a quarter of its rated losfd than it does at full load. 

In order to make this point clearer, suppose that a 
1-h.p. shunt motor is to be run at about one-quarter 
of its load, and assume in the first place that the perme¬ 
ability of its field system is constant. If a 200-volt 
motor is selected and run at 100 volts, and loaded 
so as to take half full-load current, this means that the 
applied and back E.M.F.^s are both half their previous 
values, and, as the field is half what it was, this halved 
back Er.M.F. will be produced by the same armature 
Speed. In other words the speed will be the same as 
before. With the current and field each halved, ihe 
torque will be reduced to a quarter of its original value 
and (at the same speed) the power output will also be 
reduced in the same proportion. The armature and 
field copper losses will be one-quarter of their previous 
values, as will also the losses proportional to 3^. Hence 
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current. The freedom from distortion of the field flux 
depends upon the ratio of the field and armature ampere- 
turns, and in fact, with each of these reduced to one-half, 
a slightly stifier ” field can be anticipated? since with 
better permeability the tendency of the flux to spray 
will be diminished. Moreover, although the commutat¬ 
ing E.M.F. for a given brush'“position wfll be» halved, 
the armature current requiring reversal will also be 
halved. This point, like the other, was amply borne 
out by the tests referred to, and in no case was the 
commutation noticeably inferior to that on full load. 

It must not be supposed that merely to select a large 
standard machine and.under-run it on the above lines 
is in any way to be recommended as ideal, since in ah 
cases some degree of re-design or rearrangement is 
preferable. All that is claimed is that such a course 
is quite practicable, even down to one-quarter of the 
rated output (at which point*^ the running is liable to 
become unstable), whilst for small changes it may well 
prove to be the most ecoilbmical way^f increasing the 
iron and copper sections. In any case it provides a 
convenient hypothetical course of action, by means otS 
which the economic advantages of plant-increases can 
be tested, " ^ . 


Table 2, 


Oilumn 1 

Frame 

Column 2 

Rated load 

Column 8 

Full-load 

efficiency 

Column 4 

Price 

Column 5 

Estimated life, L 

Column 6 

Capital charge 

Column 7 

Estimated efficiency 
when giving i h.p. 

« Column 8 

^ Corresponding 
losses 


h.p. 

per cent 

£ s. 

d. 

years 

£ 

r* 

percfflit 

watts 

a 


‘63-6 

5 16 

0 



63-r 

81 

b 


63 

6 12 

0 



69-6 

63 

c 

i 

67 

7 16 

6 



62*4 

66 

d . 


72 

11 15 

0 


1187 

60-2 

61-6 

e 

1 

74*6 

18 18 

0 

16 

1-740 

— 

*— 








c 



it will be only the friction, windage and a small propor¬ 
tion of the iron losses which will prevent the efificiency 
remaining constant and will cause the curve to tilt 
downwards slightly on the lower inputs. Furthermore, 
as the permeability will actually not be constant but 
^ will be considerably better at the lower exciting voltage, 
the speed on half voltage will be less than normal and 
will have to be brought up either by means of the 
field resistance or by fitting a different set of field coils. 
Eyen in the former case the field loss will then be less 
than ona-quarter of the full-load value, and this will 
still further tend to keep up the efficiency. 

With a view to a practical confirmation of the above 
reasoning, the author had a number of tests made on 
smrjJJ shunt machines of the sizes dealt with in this 
paper and in no case was there any marked reduction 
of eflSdelicy down to one-quarter of the rated output. 

It might be anticipated that the commutation of such 
under-run machines would be impossible on account of 
the weakening of the field, but this will be found to 
be fully balanced by the reduction in the armature 

♦ The advantage of doing this will, of course, depend upon the proportions 
of the different losses. If the armature /*!? loss is greater than the sum of toe 
iron and field losses, the ordiSary method of under-running wiU be preferable: 
but if (as is more likely) these latter axe the greater, it will be preferable to 
r und€l:-run the pressure even morotoan toe current if the commutation permits. 


Fractional Horse-power Service. 

The first case to be considered is where the service 
required is ^oh.p. at 1 000 r.p.m. from a shunt motor 
on d.c. mains. A number of quotations were obtained 
for motors of this speed ranging from -J h.p. to 1 h.p., 
and one set of these, as shown in the first four columns 
of Table 2, was selected. (All of these figures were 
tafcen from a single quotation, dated December 1923, 
with the exception of frame b which was taken from*^ a 
precisely similar^range of machines by another maker. 
In all cases except the first the prices include an extra 
for supplying to a non-standard voltage. The selection 
of a quotation was made as far as possible with a view 
to getting a typicgil as weUoas a sufficiently continuous 
range of figures, but from a comparison with figures 
given later it would appear that the efficiencies of the 
J-h.p. to 1-h.p. sizes is slightly above the average 
usually obtained.) 

The position then is that a certain seryice is required, 
for which macfiine a costing £6 16s. and having an 
efficiency of 63- 6 per cent is physically adequate. But 
by spCAdi^ff more money oh the machine (a tendency 
represented by frames b to e) higher, efficiencies can be 
obtained, and the probl^ is to find out to what extent 
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(if any) this tendency should be followed. The first 
step is to estimate the probable lives and efficiencies of 
the larger machines when performing the 4-h.p. service. 

With regard to lives, that of machine a has been taken 
as 10 years, but it is reasonable to suppose that the 
lives of the larger machines will be progressively greater, 
both inrfxinsically and Because tjjLey^are gr^g so much 
less than their rated output. These lives are therefore 
taken as ranging from 11 to 16 years, as shown in 
col. 6, and taking interest at 6 per cent and salvage 
value zero, the figures in col. 6 are obtained by multiply¬ 
ing the first cost by the sum of the rates for hire plus 
replacement, as mentioned earlier in the paper. 



With regard to the efi&dencies of the larger machiTies 
when under-run, and assuming suitable selection as 
regards voltage, etc., reasons have aJteady been given 
for supposing that in the majority of cases, particularly 
if the normal flux density is high or if the range of 
selection is not limited entirely by the printed price-list, 
the full-load efficiency can*be maintained almost intact 
down to ®ne-half or less of the output. On the other 
hand, in a small machine, particularly if run at a high 
speed, the friction and other constant "flosses (not 
reducible by pressure or current reductions) may con¬ 
stitute a considerable proportion of whole, and in 
order to make a conservative estimate, and alsp to 
illustrate the method ^ fully as possible, it ;^ill be 
assunied that in this case the irreducible losse# amount 
to one-sixth of thS to{al fullJ.oaA loss. Col. 7, shows 
the estimated efficiency {wh§n h.pO calculated 
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on this basis, and it will be noticed that this rules out 
frames d and e. 

The losses at -J- h.p. output, corresponding to these 
efficiencies, are shown in. col. 8, and* these figures are 
used as the abscissae in Fig. 1. The *base of this gaapfe 
represents, in general terms, the frame size, but the 
actual scale employed is that of watts saved, so that the 
values [(1/efficiency) — 1] x ^46/8 are scaled off from 
the right-hand side. Ofi the above basis the upright. 
lines, a, b, c and d, represent the first four frames quoted, 
and marking off ordinates to represent the corresponding 
capital charges the curve C is obtained. (Had the 
full-load efficiencies been maintainable for all degrees 
of under-running, the upright lines representing frames 
h to d would occur more to the right, and tLe chain- 
dotted curve C' would have been obtained, frame d 
being now a useful contribution.) Curve C therefore 
represents the annual cost of saving energy by meads 
of larger plant equipment; it rises slowly at first, but 
more steeply later, when the gain in efficiency lor 
additional expenditure becomes steadily less. 

With the base scale chosen it will be clear that curve 
W representing the annual cost of the energy wasted 
in the motor will be a straight line depending upon ■flie 
annual hours of service and the price of energy. It has 
been seen that for a ** service-price of 10 (e.g. 8 hours 
X 300 days with energy at Id. per unit) the working 
charge is £0*01 per watt of inefficiency, and this gives 
a line W at 46® to the axes. Adding curves C and W 
gives a total curve T * which shows a minimum some¬ 
where between frames b and c. 

For any other service-price the line W will have a 
difference inclination, and, in order to avoid redrawing, 
it, can be reversed and made tangential to curve C at 
some point which will then indicate thq economic 
position. Thus energy at half the above price, or hours 
of service proportionally shorter, would be represented 
by the reversed curve W' which is tangential to ciftve 
C exactly at frame size &. On the other hand, a bigger 
service price, e.g. 20, would be represented by curve 
W" which is tangential at about frame size c. 

The economic advantages of under-running are here 
very apparent. Assuming a normal working day it 
will be seen that even with energy at only Jd. per unit^ 
it will pay to employ the next larger size of machine, 
whilst with dearer energy a still larger frame (or better 
still the same frame re-designed) is called for. The 
slope of curve C at its commencement is less than half 
that of W', showing that frame a is only economical for its 
rated output when energy costs less than ^d. per ^nit. • 

Larger Horse-powers. 

An attempt will now be made to extend the alyye 
method to the case of somewhat larger motors, and in 
so doing to construct a curve that can be u«ed for a 
number of different horse-powers and conditions of 
service. For this purpose it has been thought best to 
take an average set of figures rather than one individual 
quotation, and in cols. 2 and 5 in Table 3 will be found 
the average of some half-a-dozen makers' net prices and 
full-load efficiencies for machines Jiaving rated outputs 
from J h.p, to 16 h.p. 

* For convemencelthis curve hasten plotted minus £0' 

• A 
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The base of the curves to be drawn will represent (as 
before) the size^^of the structure, but the scale in this 
case is in units of annual capital costs (hire plus replace¬ 
ment) ^so that tho " capital charges” curve C will be 
cr straight line. IPhe lives have been tahen as ranging 
from 12 to 20 years (col. 3), with a salvage value of 
10 per cent of the first cost in each case ; and the figures 
in col. 4 are then obtained by using the interest table 
already given. These are u^d along the base scale 
(Fig. 2) to erect 13 upright lines representing the 13 
frame sizes, having the maximum output ratings shown 
and costing each year in hire and replacement the 
amounts scaled along the base. As the ordinate scale 
in £ is the same as the base scale, a line C at 45® will 
represent^ the annual expense on account of structure 
(capital charge). 

It will here be assumed that within the range of 
under-running proposed (usually not more than down to 
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Above the efficiency curve and to the same base has 
been plotted its reciprocal the ” loss coefficient” or 
" percentage loss ” curve W, showing how ihe loss for 
any given output decreases with an increase m the size 
of frame employed. This curve will represent to some 
suitable vertical scale the annual cost of suppl 3 dng the 
wasted energy, but ^he,.scale wifi depend not only upon 
the output but also upon the hours of service and price 
of energy. Thus each particular horse^power and set 
of service conditions will have a particular W curve of 
the shape shown. 

Reference has already been made to the term 
” service-price ” to indicate the annual hours of service 
.multiplied by price of energy (£) and it here becomes 
necessary to group with this the power output, and to 
use the term ” power-service-price ” to indicate the 
product of the horse-power multiplied by the service- 
price. Since the power wasted in a motor equals 


Table 3. 

1 000-y.^.w. Shunt Protected d,c. Motors, 


p)luma 1 

Rated load 

Column 2 

First cost 

Column 3 

Life 

Column 4 

Corresponding 
capital charge 

Colunm 5 

Rated full-load 
efficiency 

Column 6 

(1/efficiency —1) x 7 • 46 
(Working charge, 
P.S.P.t-10) 

Cdumn 7 

Economical 

P.S.P.t 

(^umn 8 

Economical senpee- 
price 

(Col. 7 -r Col. 1) 

h.p. 

£ 

7 

s. 

16 

years 

12 

£ 

0*826 

percent 

61-0 

£ 

4*77 


r> —“ 

4 

1 

10 

7 

13 

1-042 

66-7 

3-73 . 

3-6 

7-2 

2 

12 

4 

14 

1-17 

70-2 

^ 3*17 

fi-o 

6*7 

4 

1-0 

14 

8 

15 

1-32 

71-8 

,r 2-91 

6*2 

6*2 

1*6 

17 

10 

} I. { 

1-54 

76-7 

2*39 

8''-9 

5-9 

2 

20 

0 

1-76 

77-0 

2-24 

11-4 

6-7 

3 

26 

8 

}»’ { 

2-24 

78-6 

2-02 

19-2 

6*4 

4 ’ 

29 

10 

2-60 

79-9 

1-88 

24 . 

6-0 

6 

32 

7 

} 18 { 

2-66 

80-9 

1-77 

27 

5-4 

-7*5 

37 

4 

3-05 

82-4 

1-69 

38 

5-1 

10 

44 

16 

\ 10 / 

3-67 

83-6 

1-47 

50 

5-0 

12-6 

60 

0 


3*97 

84-0 * 

1-42 

— 


15 

67 

8 

20 

4-42 

84-2 

1-40 

m 




t Power-service-price. 


'one-half the rated output) the full-load efficiency can 
be maintained intact by a suitable choice of voltage, 
etc.* Marking off these full-load efficiencies on the 
13 upright lines and drawing a smooth curve through 
the points gives the curve shown at tlie bottom of 
Fig. g, and it will be seen that (provided the makers’ 
ratings fit in) it is possible, for an annual expenditure 
on hire and replacement of, say, £2, to purchase a frame 
ha*^ng an effidency of just over 78 per cent. The 
heating and sparking limit of this frame will prevent 
it being msed above about 2j h.p., but for the moment 
it wxU be convenient to neglect temperature limits 
entirely and proceed as though any frame could be 
used for any output whatever. 

♦ It is, of course, true that if frictional losses were a suhstantial item many 
of the actual sizes shown in the table would have an appreciably poorer efficiency 
if run at the next smaller listed rating. But the particular sizes listed must he 
regarded primarily as landmarlts or points on a curve showing the trend of the' 
manufacturing cost of improving the efficiency. In addition, since intermediate 
sizes are made, the individual user will frequently be able profitably to empby 
one «f the^ (with a smaller degsee of under-running), particularly if he can 
fil)so*^comm^d small changes in design such as new field coils, etc. 


[(1/effidency) — 1] X output it Mows that the annual 
cost of this in £ will be [(l/efficiency) — 1] X 746/1 000 
X power-service-price. In Fig. 2 curve W is for a 
power-service-price of 10, e.g. for a 1-h.p. motor run¬ 
ning 8 hours a driy for 300 days with energy at Id. per 
unit, or 24 X 300 hours with energy at Jd. per unit, 
and as the vertical scale is in £ the values for W are 
obtained from the expression [(l/efificiency) — l]x7-46 
(col. 6). 

It is now possible to add together curves and W, 
giving a total T which shows a minimum just above the 
frame rated for a maximum of h.p. Thus for the 
output an<f service mentioned above, or for an even 
smaller power, ^ energy were more expensive it would 
be economically sound to purchase the lj-h.p. frame 
and^under-run it to this exigent. In the case of energy 
costing |d. or less per unit an3 wherp the motor‘runs 8 
hours a day it will be thftt this frame size would 
be economical fQr q^tputs^ of 2 h.p. or over——in other 
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words the usual physical criteria would be justified as The procedure outlined above can be carried* out 
the basis of choice. algebraically, either on the basis provided by the graph 

In the case of some other value of the power-service- or by using the calculus. In the former case it is ad vis- 
price, sa^ 20 (i.e. 2 h.p. for 8 X 300 hours at Id. per able to plot the rate of change of the V^ss coefficient with 

unit, or its equivalent), the curve W should be re-plotted, reference to annual capital costs and? to draw a smoojh 

in this case twice as high. To avoid doing this the curve through the results. The reciprocals of fhese 

ordinate scale can be Ifalved, which will have the effect values are shown in col. 7 of the table and represent the 

• • # 



Txame size measttred hy etniiual capital cost 


Fig. 2.—Larger horse-powers. 

of bringing the capital charge curve to a new inclination power-service-price at which it would be economical 
(see dotted line C'). Instead of adding this to tlie W to run the frame in question. Thus for a service-price 
curve it can be reversed and then brought up to the of 10 it will be seen that the economical horse-powers 
latter in order to see at what poin? it is tangential are generally about half the physical output ratings. 

(see dotted line C"). Thus it will be noticed tffht at In applying the calculus, the base scale previously 
or near the 4-h.p. franlfe the slopes of the tw*are the used as the independent variable has been abandoned, 
same, thus showing tiie economical position for this and instead both charges have bdfen calculated to a base 
particular power-service-pxice, of rated horse-power output* (U). This seijves •as 
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check on the graphical solution and in its turn can to 
some extent be checked by existing data which have 
been worked out on tliis basis. By plotting logarithms 
of the jprice and lo^s coefficient figures, empirical formulae 
power of; H can be” devised for them both, 
aith6'ugh the latter requires several different formulae 
to represent it accurately over the whole range. 

From J h.p. to 2 h.p. the loss coefficient (1/efficiency 
— 1) = 0-386H"*o*36 and henqe the inefficiency charge 
'TF =s 0*746 X 0 -386 il-O-se x (power-service-price) in£. 
The price is found to be given by 14* 1 25(0*and taking 
a uniform life of 14 years for this range of sizes, and with 
interest at 6 per cent andf salvage value 10 per cent of 
first cost, the capital charges O = (0*05 + 0*061 
X 0* 9) 14^ 1 Adding these to get the total 

charge T, and differentiating with respect to H, T is 
found to be a minimum when 


' <tH = 0*113 (power-service-price) 

or '^hen Power-service-price =6*6 j?o-86 

Similarly from 3 to 10 h.p. the loss coefficient is 
0 * 38 H‘" 0*20 and, taking a uniform life of 18 years and 
salvage value 10 per cent, T is found to be a minimum 

when H == 0*061 (power-service-price) i’02 


or Power-service-price ~ 8 • 3 H®' 


The final expressions in both the above cases give 
values very similar to those in col. 7 in the table, allowing 
for graphical discrepancies and for differences in the 
estimated lives. 

It will be understood that tliroughout this paper the 
object has been to demonstrate a method rather than 
to establish a result. Nevertheless, there are one or 
two conclusions wliich can be drawn, with some degree 
of certaint}!; in the case and with the figures treated 
above. If^ach quantity in col. 7 of the table is divided 
by that in the first column, a fairly uniform figure of 
6 is obtaiTicd (col. 8), this being the service-price at 
which each particular frame size can be economically 
employed to give its actual rated output. For this 
particular length of service and price -of energy the 
economic and the physical criteria coincide, and at 
8 hours per day and 300 days per year this means 
energy at 0*6d. per kWh. 

The above leads to the somewhat startling conclusion 
that for motors in use during an average working day 
the physical criteria by which alone tliey are at present 
selected become unsatisfactory when energy costs more 
than 0*6clr per unit. All cases at about these figures 
require? to be considered on economical as well as physical 
grounds, and where energy costs Id. or more per unit, 
a considerably larger machine will usualty prove the 
cheafp«r installation. 

More generally the results obtained may be said to 
prove^iwo'^things : first that the extra expense of larger 
machines, as compared with the value of the energy 
they save, is far less than is generally realized; and 
secondly, that the advantage of under-running is no 


* L. A. DoooETTin Electrical World (191B, vol. GO, p. 74a) gives the price 
of a new ci.e. motor or generator as 4 500 f ^^ 1 dollars, and although the 

difference in date makes it clifltcult to compare the two foxmnhe the similarity 
of the j^dea: hgurc is significant. 


less marked on the larger than on the smaller powers 
and would emphatically appear to call for a general 
review of this question and a detailed consideration of 
all sizes of electric motors, both d.c. and fi.e. It is 
not too much to suggest that such a review may lead 
to a complete revision of our methods of choosing 
motors for long-period service,r future ratings, being 
determined by econoAic considerations, whilst the 
heating properties, like the insulating properties, fix 
only a lower limit. 

It only remains to consider one or two objectioQS or 
modifications to the above, the chief of which concerns 
the question of what exactly constitutes the power of 
any particular service. In using the phrase a 1-h.p, 

1 OOO-r.p.m. service it is assumed that 1 h.p. is the 
actual load whenever the motor is in use, or failing this 
the average load. Even if it is the former, many 
engineers would put in a l^-li.p. or lj-h.p. frame, 
and stiH more so if the 1 h.p. is an average output. 
Thus to speak of the 1 h.p. fTame as the normal physical 
choice may be unfair to present-day choosers, many of 
whom may be 3 delding to an unconscious economic m 
sense in specifying a larger machine than is necessary 
(although if so the application should be morepScienJffic 
and should endeavour to under-run both the iron and* 
the copper). More usually any under-running or over- 
specifying that may take place is with a view to possible 
overloads rather than on economic grounds, and it 
must be realized that the former is justn as much a 
physical criterion as is the temperature-rise. Under- 
running on^ economic grounds is ^entirely distinct and 
takes differepi,t forms ; thus a 2-h.p. frame under-run to 
give 1 h.p. on the lines suggeste& would njot (unless 
re-designed) be suitable for giving 2 h.p, even occasion¬ 
ally, since its commutation would not be satisfactory. 

In the case of. widely fluctuating loads it will be under¬ 
stood that although an approximate estimate might 
be made on the basis oF^the average load, this could 
not be considered very satisfactory, since the average 
efficiency of a machine whose copper loading alone was 
varied would be considerably below the maximum 
efficiency. . e 

With regard to the factors likely to aflect the results 
obtained above, the market prices of motors and energy 
are both fairly definite and fairly steady, hut the rate 
of interest on capital is more problematical and would 
havjg to be adjusted to suit the circumstances of each 
individual case. Motors having a market value inde- • 
pendent of the prosperity of the concerns in which they 
are used, should rank amongst the tangible assets paid 
for by debenture shares, and in this case the rate of 
interest on extra capital so employed need not be high ; 
on the other hand, if their purchase is considered to 
involve a risk and has to be financed by more speculative 
investments, the rate of interest will naturally be higher. 
Two points should be noticed in this connection: first, 
the capital tliarge is not proportional to the rate of 
interest, since tlie depreciation item is less when the 
rate is greater; find secondly, a general alteration in 
the market rate of interest is unlikely to make any 
ultimatfi ^iflerence to the above® results, since the price 
of energy is also to a l^rge extent a dfj^nction of interest 
on capii^. 
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THE CURRENT-CARRYING CAPACITY OF SOLID BARE C(5PPER ANB 
. ‘ALUMINIUM CONDUCTORS.* 

By S. W. Melsom, Associate Member, and H. C. Booth, 

[From the National Physical Laboratory.] 

{Paper first received ^ih May, and in final form Wih August, 1924.) 


Summary. 

The current-carr 5 dng capacity of bare copper and aluminum 
conductors is limited by the heating effects produced by the 
current. The dissipation of this heat is a function of the 
temperature elevation above the surrounding air, the size 
of the conductor, and the intrinsic condition of the surface. 
A cooling-curve method is fiescribed which was used in 
determining the Coefficient of heat emissivity for a series of 
small sample lengths of round and flat copper and aluminium 
conductors of various sizes and surface conditions. This 
was checked by the direct electrical heating of longer 
lengths, ’v^ich showed the two methods to be in close agree¬ 
ment. Tables for the current-carrying capacity of copper 
and aluminium busbars have been deduced from the con¬ 
stants obtained and are given in the paper. 


An investfgation was carried out on various sizes of 
round and flat copper and aluminium conductors 
ranging in diameter from \ in. to If in. in* the case of 
round bars and froim 1 in. X f in. to 4 fu, X J in. in 
the case of the flat strips, in order to determine the 
rate of heat dissipation per unit area of exposed sur¬ 
face and the extent to which this is affected by the 
surface condition of the metal, and in the case of the 
flat strips by their position,#i.e. whether vertical or 
horizontal. From the knowledge of this constant it 
then becomes possible to calculate the current-icarr 3 ring 
capacity for any size of conductor for any given tempe¬ 
rature-rise, if the resistivity of the metal at that 
temperature be known. 

Two methods of determining the rate of heat dissi¬ 
pation are available;; these may be called the " static " 
and the '' dynamicmethods respectively. In the 
first the length of the bar, which must be sufficiently 
long to avoid any irregular heating or cooling effects 
at the ends (which will appreciably affect the result), 
is heated by the passage of a steacty current and the 
temperature-rise is deduced from the change of resistance 
in the central portion, the temperature coefficient of a 
small sample cut from the bar having been previously 
determined. The change* of resisfance is most con¬ 
veniently measured by means of a Kelvin double 
bridge an(f a standard resistance to which the con¬ 
ductor under investigation is connected miseries. 

The current must be maintained steady for a con¬ 
siderable period—^in the larger bars •some five or six 
hours—^before the temperature-rise can be considered 

* The Papers Conmiittee invite written comniuiu cations (whlfa view lo 
publication in the Journal if approved by the Committee) on p^ers published 
in the Journal without biinsf rehd at a meetinj^ Communications should reach 
the Secretary of the Institution not latei»tha4 one month after publication of 
the paper to which they relate. 


to have reached its maximum value. When this is 
attained the watts dissipated per unit length of the 
bar can be calculated from the current ^and the 
resistance (at that temperature). The temperature- 
rise is calculated from the change of resistance and 
from the specially determined value of the tempe¬ 
rature coefficient. The heat dissipated per unit leifgth 
of conductor is then equal to the square of the current 
multiplied by the resistance of unit length, or 

TF =1^ 

where I is the current in amperes, and 

r the resistance in ohms per unit length at the 
given temperature. 

The average value of the heat dissipation per unit 
area is then W/p, where p is the perimeter of the 
section. 

If d is the temperature excess of the bar above the 
surrounding air, and assuming Newton^s law of cooling, 
the heat dissipation per degree is 

h = PrlpO • 

#► 

But the heat dissipation is mainly due to convection 
and, since convection may be taken as ^eing* pro¬ 
portional to 0®/^, it is preferable to malm use of this 
relation, in which case we have 

h = Jfirlpe^l^ 

This method of deducing the value of h may be 
called the "static'* method, since it is effected by . 
measuring the amount of electrical energy dissipated 
as heat when the maximum temperature has been 
attained and conditions are stable. It involves, how¬ 
ever, the use of a large amount of energy, especially 
when testing the larger-sized conductor^ and the 
current must be maintained for a considerable time 
before stable conditions are reached. In order that' 
the end-effects may not unduly affect the results it 
is necessary that the bars should be long, alsb that 
they should be shielded from extraneous^ draughts. 
This method was therefore used, only as a (JOntrol, 
and the majority of the results were obtained by an 
alternative method which may be called the " dynamic " 

method, • 

In the " dynamic " or cooling-curve method a short 
length (i.e. 1 or 2 ft.) of conductor bar can be used. 
It is heated in an oven until suitable temperature 
elevation is obtained and is then placed in a dr^ght- 


910 MELSOM AND BOOTH : THE CURRENT-CARRYING CAPACITY OF 

^___ r^r - 


ttt.at Bars : Effect of Position. 


free' enclosure and supported on two knife-edges of 
some material rof low thermal conductivity. These 
knife-edges in the experimental determinations were 
V-sectfoned pieces of mahogany, so that the heat 
epcjping by conddction through the supports could 
be regarded as negligible. The temperature of the 
bar was measured by means of an iron-eureka thermo¬ 
couple embedded in a siSiall hole drilled, in the bar. 

micro-ammeter in series ^th the thermo-couple 
was calibrated by means of a resistance in series to 
read directly the temperature difference between the 
bar and the surrounding air. The amount of this 
temperature difference at various intervals of time was 
measured and from the "readings obtained the cooling 
curve waS drawn. The deduction of the constant h 
from these observations is as follows: "When the bar 
is cooling, and on the assumption that the rate of 
heat dissipation is proportional to the 5/4 power of 
the temperature excess, 

r\ 

— dH = — matdd = phd^l^dt . . * (1) 

Where H is the quantity of heat per unit length of 
bair; m the mass per unit length; a the specific heat 
(expressed in joules) of the metal under consideration; 
6 the temperature excess; p the perimeter of the 
section of the bar; t the time in seconds, and h the 
emissivity constant. Hence 

de0ii = .... ( 2 ) 

ma 

which leads to 

= .... (3) 

where 0q is* the initial temperature difference between 
the bar and the surrounding air. If therefore l/0i be 
plotted against t, a straight line should be obtained 
the slope of which is phl{4mo). If the slope of the 
line be equated to ph/{4mo) we have 

(slope) . 

P 

A large number of observations were made on short 
lengths of various sizes of aluminium and copper con¬ 
ductor of both circular and rectangular cross-section— 
the fatter in two positions, i.e. with the longer dimen¬ 
sion (1) vertical and (2) horizontal. The effect of 
surface ^condition was also investigated and compara- 
^tive tests were made on bars (1) left in their original 
condition, (2) cleaned with sandpaper, and (3) coated 
with ‘•nwxious paints. The test bars were heated in 
the oven to about 100^ C., and the cooling curve was 
taken (Jowfi to 40® C. or 50® C. In all cases, on plotting 
against time a very satisfactory linear relation was 
obtained, as will be seen from the figures. This proves 
that over this range the assumption that the total 
heat emissivity is proportional to the 6/4 power of the 
temperature excess is very well justified. 

The effect of theser various factors on the heat 
epiissivity^will now be congider§d. 


As might be expected, the heat emissivity or mean 
emission of heat per unit area of the outer siMace of a 
flat bar is very considerably affected by its position 
and is much greater when the bar is placed with the 
longer dimension df cros^-section verticaA. The 
extent of thfe difference is shown in Table 1, which 
gives the ratio of the emissivities in the vertical and 
horizontal positions for various ratios of breadth 6 and 
thickness t of the cross-section for four flat aluminium 
bars ranging in size from in. X J in. to 4 in. x J in. 


Table 1. 


Dimeasion. of section. 

i/t 

r 

Ratio of emissivity: 
upright to horizontal 

1J in. X J in. 

6-0 



2 in. X I in. 

6*3 

1-26 1 

1 mean 1 * 18 

3^ in. X in. 

7-6 

1-111 

4 in. X J in. r 

9-0 

l-isj 

* - 


Graphs of plotted against t for the 2 in. X I in. 
al mniniiim bar are shown in Fig. 1, toge^hw with the 
calculation of h from the slope for both*'the vertical 
and the horizontal position. 

It will bd seen that although the ratio b/t increases 
in a regular progression, the ratio toi the two values of 



the emissivity varies somewhat erratically, J)®5ig 1'26 
for the 2 in, X f in, strip and 1*11 for the 3j in. 
X in. strip. If I-18 be taken as an average value 
of the ratio, tlien a flat conductor in the vertical 
position, all other^'things being equal, may be expected 
for thfe same temperature excess to dissipate approxi¬ 
mately per cent more heart than when in the 
horizontal position. This corresponds to an increase 
of about 9 per cent in the •current-carrying capacity. 
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E^ect of Surface Condition on Emissivity. 
The effect of the condition of the surface is shown 
in Figs. (2), (3), (4) and (5), and in Table 2 . 

It will* be noted that in the copper conductors the 
original condition was more favourable to the emission 



2*—^Effect of condition of surface: 2-22 cm round 
aluminium bar. 


ALUMINIUM "CONDUCTORS. 

-- 

ductor. Both in round and in flat bars h is greater 
for small bars than for large ones. I* order to investi¬ 
gate the nature and amount of this variation all the 
bars available of both around and*rectangul^ cross- 
section were first painted with the same special dull 



of heat thaii when the surface had been rubbed bright 
with sandp^er. The effect of paintmg the surface of 
the conductor a good dull black was to increase the 
emissivity by about 40^ per cent and ^e current- 
carrying capacity for 1 :he same temperature-rise by 



Fig. 3 .—^Effect of condition of surface: 1’9 cm round 
copper bar.. 


black paint so that the condition of the surfaces should 
be the same in all, and the value of fi for each bar was 
then determined by the cooling-curve method. The 
rectangular bars—which were all aluminium were 
taken with the longer dimension of the cross-section 


0^50 


'S 0*40 


to 

I 


0*30 


Fig. 5.* 




^(1) 


200 


UjSLope - b-000150; h »0»00'0355 

(2) » »0*000186; A-0*000441 

(3) » -0*000211; A-0*000500-j 

(4) H -0*000228} A-0*00054*1 

(SjRepetitioii of (3) mth a different 
I Initial temperatuie \ 

1 Slope-p*000209;i A-0*00,0494 I 

1000 ;L200 


*^0 600 800 
Time, in seconds 

-Effect of condition of surface: 1 in. in. 
flat aluminium strip. 


• • 

about 20 per cent. By tbe use of tiie best dull blax^ 
paint ava^able these values were increased to about 
54 per cent and 24 per cent respectively. 

• 

Effect of Size of Conductor on Mean Emissivity. 

As is well known, the heat emissivity, i.e. the amount 
of heat (conveniently expressed in watts) whiclf is on 
the average emitted ?rom each square ce%tftnetre of 
the surface of tbe conductor pes degree of temperature 
difference, varies with the crdss-section of the con- 


vertical. The round bars included both coppeft* and 
aluminium. The results obtained are given in Table 3. 

Corresponding values of p and k are %Jso^ shown 
plotted in Pig. 6 , the crosses referring to tl^e flat and 
the small circles to the round bars. It will be seen 
that the points all lie along one well-defined and fairly 
regular curve, the divergence of any point from the 
mean curve not exceeding 2 per pent and b^g usually 
much, closer. The values of Af«r flat bars in the hori¬ 
zontal position, assuming tjje relation of .l: I 4 I 8 ^ 
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explained in a preceding section, have also been com¬ 
puted and have feeen added for comparison. 

In order to obtain an expression for the mathe¬ 
matical^ relation <^f h to p, ;the logarithms of these 
qj 3 ,antities, which are also given in Table 3, have been 
plotted and are found to lie in a fairly straight line. 
The divergence of the least favourable point from the 
best mean line is of the “order of — 3 per cent. The 


ture difference between the bar and the surrounding 
air. 

This relation refers to bars painted with a specially 
good dull black paint of high emissivity. The values 
obtained by this formula should therefore be reduced 
by about 8 per cent (see Table 2) where dull black 
paint of ordinary quality is used.® 

The effect of variation of the perimeter of the bar 


O 



Table 2. 


. - 

Size aad type.of conductor 

Condition of surface 

Watts per cm* 
per deg. C. (/i) 

Relative current- 
carrying capacity 
compared with 
oiigiuai condition 

, ‘ r 

2 • 22 cm fbund aluminium bar (see Fig. 2) .. ^ 

(1) original 

(2) black (glossy) 

(3) black (dull) 

(4) special dull black 

0-00034? 

.0-000441 

0-00p601 

0-000662 

1-00 

1-13 

1-21 
r 1-27 

1 • 9 cm round copper bar (see Fig. 3) .. .. 

(1) slightly tarnished 

(2) bright 

(3) black (glossy) 

0-000449 
^ 0-000423 

0-000689 

1-00 

0-9^7 

'1-14 ^ . 

Ij in. X i in. copper strip (see Fig. 4) .. .. "I 

(1) original 

(2) bright 

(3) black (glossy) 

0-000462 

0-000370 

0-000624 

1-00 

0*904 
" 1*08 

1 in. X J in. aluminium strip (see Fig. 6) .. 

(1) original 

(2) black (glossy)^ 

(3) black (dull) <5 

(4) special dull blapk 

0-000366 
0-000441 
0-000600 ^ 
0-000641 

1-00 

1-116 

1-119 

1-24 


Table 3. 


rs 


Bar 

Breadth and thiclmess 
(or diameter) 

Perimeter 

logj> 

h 

logh 

Aluminium (round) .. 

|in. 

cm 

3*99 

"0-601 

0*000606 

4-7818 

Copper (round) . 

fin. 

6-98 

0-777 

0-000680 

4-763 

Aluminium (rectangular) 

1 in. X i in. 

6-31 

0-803" 

0-000667 

4-746 

Aiumiiiium (round). 

|in. 

6-97 

0-844 

0-000662 

3-742 

Aluminium (rectangular) 

l| in. X 1 in. 

9-62 

0-979 

0-000629 

3-7236 

Aluminium (rectangular) 

2 in. X f in. 

12-07 

1-082 

0-000499 

4-698 

Copper (round) . 

If in. 

13-96 

1-146 

0-000610 

3-708 

Alurriimum (rectangular) .. .. 

3J in. X in. 

18-94 

1-577 

0-000488 

3-688 

Aluminium® (rectangular) 

4 in. X 1 in. 

22-9 

1-360 

0-000483 

3-684 


majofiisy of the values for both round and fiat bars 
whether copper or aluminium lie very much closer to 
the lii>e. It follows from this that an approximate 
relation between h and p is 

A = 0-000732/pO*i^o . ... (6) 

where p is the perimeter (in cm) of the bar whether of 
circular or rectangular cross-section, and h is the mean 
total heat emission (radiation and convection) in watts 
per cm^ of exposed surface for 1 deg. C. of tempera- 


on the mean emissivity in the case of conducto:};^, falling 
within the range covered is not as great as might have 
been expected. Thus the heat emitted under the 
same conditions of surface conditions and temperature 
difference from a bar 2 cm diameter, as compared 
with one of 4 cm, Ss 

If, as has been suggested, the todssivity varied 
inversely as the sqjrarJ^root of th^^ diariiet^, the effect 
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of halving the diameter would be to increase the 
emission by 41 per cent, i.e. four times the increase 
indicated by the empirical formula derived from this 
series of %xperimental results. It would not be safe, 
however, to assume that this formula remains valid 
for sizes of bars outside the range covered by the 
experimental determiifhtions, nor,^in the case of flat 
bars, for relative dimensions of breadth *and tliiclmess 
differing very •widely from those investigated, which 
are those normally adopted for bare conductors in 
engineering practice. 


a steady current through lengths of conductor^ of 
various size and measuring the final i;fcemperature-rise. 
As an example, the J in. (2-22 cm) round aluminium 
bar coated with dull bjack paint ^ordinary quality) 
reached a final temperature-rise of •SB’S deg. C. abojje 
that of the surrounding air when carr^^g 620 amperes. 
By the use of the formula and taking a ==0*0039, 
p = 2 * 84 microhms per cfh cube, a = 3 * 87 cm , 
p = 6*97 cm, and 0 = 98*6, we should obtain ^ 

.... If 3*87 x 38*65/4 \ 

I = 27 0 X 


Current-Carrying Capacity of Bare Conductors. 

Assuming the validity of the formula within the 
range of sizes covered, the evaluation of tables of 
maximum permissible current for round or flat con¬ 
ductors can be deduced from the dimensions of the 
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Fig. 6.—Emissivity of round and flat bars; general curve. 


= 664 

This value must be reduced by 8 per cent since the 
bar was coated with ordinary dull black paint. We 
therefore obtain I = 664 X 0*92 = 612 amperes, a 


4-80 




4*75 






+ 

Plat barl 
Boimdba 

— 

(vertical^ 

rs 






Approxima 

te rdatlOTL 
^ a0-00073i 
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l/pO-MO 

1 _ 

andi?: 



Values of log jo 


Fig. 7.—Emissivity of round and flat bars ; general 
curve (logarithmic). 


cross-section, the resistivity and temperature coelQ.- 
cient, for any given value of temperature excess. 

Let p = perimeter or girth mi the bar, in cm; 

a = cross-section in cm^ ; 

p «resistivity of the metal in microhms per 
cm cube at 20® C.; 

a = temperature coefficient of th^ latter; 

I = current in amperes after stable conditions 
have beeif attained; and 

0 = temperature excess of the surface of the 
metal above that of the surrounding air 
^ (supposed to be at 20® C.). ^ 


If H is the total amount of heat (expressed in electrical 
measure) generated by the current per cm run of con¬ 
ductor, we have , 




P(1 -H a0)plO-^ 


. . ( 6 ) 


and for^the total amount of heat emitted per cm run 
we have * 

_ X 0*000732 X 05/4 ^ 

^ ^ p X 0*140 • * • U 

whence (8) 

As an overall eheck the formula was compared with 
results obtained by the direct ffiethpd, i.e. by passing 


difference of 1 * 3 per cent from the value of 620 amperes 
obtained by direct experiment. Similar* tests were 
made with other sizes and the results obtained were 
in close agreement, any slight difference being ^asily 
accounted for by unavoidable variations m the sur¬ 
face conditions of individual bars. 

Calculation of Tables of Maximum Permissible 
Current. 

For the calculation of tables of maximum pen^issible 
current for bare copper and aluminium conductors of 
the standard sizes given in the suggested B.E.S.A, 
Specification C.A. (E.L.) 6701, we proceed as follows ;— 

Starting with the general formula (8) we have ^ 

This, as it stands, applies to single bars covered^ with 
a specially good dull black paint, and in the Case of 
flat bars when they are placed witli the longer 
dimension of the cross-section vertical. The specifica¬ 
tion allows a temperature-rise of 30 deg. C. and a 
maximum surrounding air temperature of 40® C. The 
formula can therefore be further simplified by substi-^ 
tution of the appropriate values for 0 and p. 

Since 0 = 30, 05/4 === 70*2. 

For the terms involving p we flave :— 

(1) Taking the resistivity of aopper ae 
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I-72'4 microhms per cm cube at 20® C., then 

P = + 0*0039 X 20) = 1-860, and 

(l + a%= 2*070. 

The ^permissible^ current ^or these conditions is 
t^efore given by -Che formulae : 

I = for fiat bars . . (9) 

I = 264a0*^5,^for round bars. . . (10) 

^ (2) Aluminium, —^Taking the resistivity of aluminiuin 
as 2*84 microhms per cm cube at 20® C, then at 40® C. 


Special allowance must be made, (1) when the bars 
are unpainted, or the surface condition is different 
from that specified; and (2) when the lead and return 
conductors are near each other and there is mutual 
heating effect. 

Effect of surface Where ordinary black 

paint has be^ usecf tlj,e current values given in the 
tables should be reduced by 8 to 10 per cent. For 
unpainted bars the reduction should be«20 to 26 per 
cent, according to the condition of the bars. 


Table 4. 

Correction for Shin Effect 


Diameter of bar, in. 

t 

11 

li 

If 

n 

If 

Cifinrent reduction J 
per cent 1 

n 

r Copper . 

lAluminium. 

2 

1 

4 

1 

5 

2 

• 

#3 

4 

# 

5 


pj~ 2-84(1 -f 0-0039 X 20) = 3-061, and (1 + a% 
““ 3*419. 

The permissible current for these conditions is there¬ 
fore given by the formulae ; 

/ S= 122pO*43y^Q5^ fQj. ^ ^ 

I == 211a0*7i6^ for round bars. . . (12) 

Table 6. 

Current-Carrying Capacity of (1) Copper Bars, Flat, 
with a dull black surface* 


/ 


in. 

1 

H 

H 

2 

3 

6 

6 

i 

1 

H 

2 

3 

.4 ^ 

i 

I 


Dimensions 


Current 

density 

a(*- M) 

capacity^ 

sq. to. 

'0-250 

sq.cm 

1*614 

amps. 

439 

amps./sq. in. 
1760 

0-3126 

2*02 

633 

1710 

0-376 

2-42 

623 

1664 

0-600 

3*23 

803 

1 607 

0-626 

4*03 

973 

1 668 

0*760 

4*86 

1 148 

1632 

1-000 

6*46 

1 493 

1490 

1-250 

8-06 

1820 

1456 

1-500 

9-70 

2160 

1440 

0-094 

0-606 

227 

2 420 

*» 0-126 

0-806 

298 

2 380 

0-166 

1-006 

362 

2 320 

0-1876 

1-210 

428 

2 280 

0-260 

1-614 

653 

2210 

0-3126 

2-016 

648 

2190 

0-376 

2-42 

802 

2130 

0-600 

3-23 

1046 

2090 

0-0313 

0-140 

92-2 

2 940 

0-0467 

0-210 

132-0 

2 820 

0-0622 

. 

0-280 

172 

2 770 


* For ordinary black paint the cun 
cent, a^ for unpainted bars by 20 to 
of tbometaliic surfa^. ^ 


Proximity eff^ct, —^Where two bars are run close 
together the currfmt-caxiying capacity is ^educed 
because of the mutual heating effect, ancP tTiig« is^ 
greater when, the bars are painted black than when* 
they are left with bright metallic surfaces, as in the 
fetter case the radiation component of the emissivity 
is less. The effect will obviously be g/eatest when 

Table 6. 

Current-Carfying Capacity of lft)*Copper Bars, Round, 
^ with a dull black surface * 


Dimensions 


Diameter, d 


in. 

0*236 

i 

•A* 

I 

i 


* 

1 

n 

li 


cm 

0*699 

0*366 

0*794 

0*962^ 

1*111 

1*270 

1*687 

1*906 

2*222 

2*540 

2*857 

3*167 


Area of cross-section 
- m- _ 


sq. in. 

0*0437 

•0490 

0766 

1106 

1§06 

1960 

307 

442 

603 

786 

992 

22 $ 


sq. cm 
0*282 
0*316 
496 
711 
907 
266 
980 
86 


Current- 

carrying 

capacity 


3*87 

6*07 

6*40 

7*92 


amps. 

109*6 
118*8 
164 
212 
266 
. 322 
440 
672 
711 
864 
1020 
1190 


Current 

density 


amps./sq.in. 
2 610 
2 420 
2140 
1920 
1760 
1645 
1436 
1296 
1178 
1100 
1028 
970 


PSvaJues should be reduced by 8 per 
rs by 20 to 35 j^ier cent, according to the ciidition 


ordinary black paist the current values should be reduced hv 8 ner 

percen^rXg"’^ 

two flat strips are placed side by side and parallel with 
each ottier. 

black bars of equal size were run 
si(fe by side and the distance between the opposite 
surfaces^ was equal to the breadth of the barn it was 
fo^d thftt the emissivity was* 6 per cent less than 
when the same bar»w^ run*alone. The current 
carrying capacity, is^^erefore reduced by 3 per cent. 
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If, however, the distance is increased to twice the 
breadth of the bar, the reduction of the emissivity is 
almost inappreciable and the effect on the current- 
carrying cd^acity may be neglected. 

When the bars are unpainted and have polished 


. Table 7. • 

• • 

QufYBnUCcLyyying Capacity of (3) Aluminium 
Flat, with a dull black suyface* 


Bays* 


• 

' Dimensions 


Current-carrying 

capacity 

Current 

density 

t 

h 

a(-W) 

in. 

in. 

sq. in. 

sq.cm 

amps. 

amps./sq. in. 


li 

0*469 

3*022 

630 

1 130 



0-663 

3*630 

610 

1080 


2 

0-760 

4*840 

• 780 




0*936 

6-04 , 

946 

1010 

§1 

3 

1*1®6 

7-26 

1 110 

986* 


4 

1-600 

9*68 

1430 

963 


6 

1*876 

12*10 

1760 



6* 

• 

2*260 

14*62 

2 070 

920 


li 

0*312 

2*02 

414 

1 323 


li 

0*376 

2*42 

483 

1290 


2 

0*600 

3*23 

624 

1 268 

i- 

2i 

0**626 

4*03 

764 

1200 


3 

0-760 

4*86 

890 

1 187 


4 

1*000 

6*46 

1160 

1 160 


6 

1-260 

8-06 

1410 

• 1 128 

• 


1 1 

0*188 

• 

1*21 

290 

1 643 


li 

0*234 

1*61 

361 

1 600 


li 

0*282 

1*82 

416 

1 476 


2 

0*376 

2*42 

630 

1414 

2i 

0*470 

3*03 

« 664 

1 393 


3 

0*663 

3*63 

768 

1367 


4 

0*760 

4*83 

995 

1^28 

f 

' f 

0*094 

0*606 

203 

2 160 

4 

1 

0*126 

0*806 

266 * 

2 040 

li 

0*166 

i*m 

.281 

1 800 

I 

^ 2 

0*260 

. 1*614 

430 

1714 


cent, and for nnpainted bars by 20 to 26 per cent, according to the coi 
of polish of the metsdlic surface. 

metallic surfaces, the effect of runnmg two bars side 
by side is less and may be neglected if the distance 
between them is not less than the breadth of the bars. 

Condition of ambient aiy.—For th^ purpose of calcu¬ 
lating the tables the cooling effect of any extraneous 
draught ^ha^ been excluded. This would be most 


difficult to define; where present, however, the effect 
would be to increase the current-cajrying capacity. 
Generally it may be taken that the values apply to 
conditions surrounding busbars withij a buildii^ such 
as a generating station, in which thob only air currente 
are those due to convection set up by the heSt^ 
conductors. 

AUeynating cuyyenL —^The values given are in all 
cases for direct current. • With alternating current the 
effective resistance of the conductors is increased 
because of the skin effect,'* and the current ratings 
must be correspondingly reduced. Calculating by 

Table 8. 

CuyyenUCayyying Capacity of (4) Aluminium Bays, 
Round, with a dull black surface.* • 


Dimensions 

Current- 

carrying 

capacity 

» * 

Current 

densi^ 

Diameter, d 

Area cross-section 

in. 

cm 

sq. in. 

sq. cm 

amps. 

amps./sq. in. 

i 

0-636 

0*0490 

0*316 

92*5 

1 890 

h 

0-794 

0*0766 

0*496 

128 

1 67C 

1 

0*962 

0*1106 

0*711 

166 

1 610 


1*111 

0*1606 

0*970 

206 

1 370 

i 

1*270 

0-1960 

1*266 

262 

1290 

I 

1*687 

0*307 

1*980 

343 

1 120 

f 

1*906 

0*442 

2*86 

446 

1010 

1 

2-222 

0*603 

3*87 

656 

923 

1 

2*640 

0-786 

6*07 

673 

856 

li 

2*867 

0*992 

6*40 

795 

803 

li 

3*176 

1*226 

7*92 

927 

760 

If 

3*492 

1*486 

9*68 

1064 

719 

li 

3*810 

1*766 

11*40 

1200 ^ 

682 

If 

4*127 

2*073 

13*36 

1 344 

* 

650 


CenCi OlUl lUt UUJ^mUibCU wjr w ^ --- 

of polish of the metallic surface. 

means of existing formulae f for frequencies not greater 
60 periods per second, and for round bars less 
fhan 1 inch in diameter, or of the equivalent area of 
cross-section in the case of fl.at bars, it is found, that 
the reduction of the rating will not exceed 1 per cent. 
For larger bars the reductions shown in Table 4 will 
apply. 

For flat bars of equivalent cross-section the reduction 
in current will not be greater than for reund bars 
and the above values will probably be sufifeiently 
accurate for the case of flat bars. 

t See Louis Cohen : “ Formulas and Tables for the Calcjda|ion ofAlttt- 
naWcurrent Problems,*’ p. 4; also H. B. Dwioht: “Skin in 

Tubular and Flat Conductors,” Transaciims of tJie Amencan InstiMae of 
Electrical Engineers, 1918, vol. 87, p. 1396. 
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A NEW NETWORK THEOREM.* 

By A. Rosen, B.Sc. (Eng.), AssociSte Member. 

{Paper received April, 1924.) 


Summary. 

A generalized theorem is given of which the well-known 
three-ray star-mesh tran^ormation is a particular case. 
Th formula is of a simple nature, and a great saving of 
labour results from its use. Three examples of application 
of the theorem follow: (1) To find the effective conductance 
between two points in a complicated network; (2) to find the 
efiect of earth admittances on the balance of a 'Wheatstone 
bridge; and (3) to simplify the capacity network in the four- 
telephone cable and obtain the effective unbalance 
capacity. 


The star-mesh theorem as applied to a star of tluree 
ray^ was first given by Kennelly in 1899 f and is now 
well known. It may be stated as follows :— 

In any network the star OA, OB, OC [Fig. 1(a)] may be 





Fig. 1.—^Three-ray and two-ray star-mesh transformations. 


replaced by the mesh AB, BC, CA [Fig. 1(6)] without 
affecting the rest of the network, where, for conductance 
operatos, 


AB = 


a6 


u -j- 6 -j- c 


BC 


6o 


a -f- 6 -f- c' 


CA«. 


ca 


a 6 -f- 0 


^ Again, two conductors in saies |Tig. 1(c)] may be 
regaxdM as a two-ray star OA, OB, and this is equivalent 
- to AB in Fig. 1(d), where AB = a6/(a -f 6). 

These axe both particular cases of the following 
general theorem:— 

In any^^network, a star of n rays, OA = o, OB = 6, 
OC =- 0 ... ON = n (Fig. 2) may be replaced by a TnAsh 
of Jn(« IT- 1) conductors j oining every pair of the points, 
A, B, C, . . . N (O being eliminate), without affecting 


The Papers Committee invite written communications (with a view 
putllMtion in a appcoi^ ty the CommiltM) on ^pen publiA 

to the Jmmal witlioot being read at a meeting. Communications shoW lea 


the rest of the network; then for conductance operators 


where 


^ ah ho 

si' ~ s^’ 

Sa = a + 6-|-c4-...n. 


The following indicates the reasoning which justifies 
the generalization given :— 

The mesh system must be symmetrical; therefore 
there must be a conductor joining every pair of points, 
i.e. a total of \n{n — 1) conductors in a system of the 
nth order where there are n rays in the star. 

The expression^for the value of any conductor, 
sayAB:— " ^ 

(1) must be of symmetrical form, homogeneous, and 

of first degree; 

(2) must vanish when a or 6 becomes zero; and 

(3) must become of one order lower as any of the 

other rays equals zero, and must eventually 
reduce to the form a6/(a -f- 6 + c), the known 
exjjjression for the thre'e-ray star, and a6/(a + 6), 
the expression for the tw(7-ray star. 


Considering the form of the expression, we see from 
conditions (1) and (3) that it must consist of a single 
fraction. The denominator of the fraction can only 



Fig. 2.—General star-mesh transformation. 


I 

be Sa to satisfy (1) and (3) ; the numerator from (1) 
can only contain.terms of.the second degree; and, 
from (2), all must contain a and 6, i.e. it can only be 
Aa6, where A is a numerical factor. By (3)„ A"is seen to 
be unity. Hence the expression AB = ah/J^a is the 
only one to«satisfy all conditions. 

For impedance operators the result is 

• 


\fl/ ^ b ^ cT n 

* 


where 
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number of rays, and a triangular mesh can always be 


_ -- -- 

xances, or m a manner similar to the above; in this 
case condition (2) is AB must become infinite when 
a or 6 IS infinite/* and condition (3) is " Afe must become 
of one order lower as any of the other rays becomes 
infinite, and must eventually reduce to the form 



the known expression for the three-ray star, and 

* ’ A A 



Fig. 3.—Stages in siii^plificatioii of complicatoi network, 

• • 

(a + 6), the expression for the two-ray star/* The 
impedance formula is not so convenient in use on account 
of the frequent addition of conductors in parallel 
resulting from the transformations, as can be seen in 
the following examples.* « 


replaced by an equivalent star. The fcrmul® are, for 
admittances, 

a = ABxAC('^ + A + Ay etc., 

VAB ^ BC ^ CA/ 

and for impedances, ^ 

AB X AC 

“ ~ AB + BC 4- CA' 

Applications. —^The star-mesh transformation is of 
great assistance in simplifjdng the work in netvs^ork 
problems. The case of most frequent occuirence is 
the three-ray star, and examples are given by Kennelly* 
and Buttervvorth.t Networks in which stars of higher 
order occur are necessarily more complicated, and a 
correspondingly greater saving in labour is •obtained 
in applying the transformation. Three examples are 
given below. • 

(1) To find the effective conductance between the points 
C, D in the network shown in Fig. 3(a), the values being 
expressed as conductances.—Step (i).—^Transform the 
four-ray star AE, BE, CE, DE into the correspond¬ 
ing mesh. Sa = 10 + 40 + 20 + 30 = 100. Fig. 3(6) 
shovrs the resulting network with the new values of the 
conductors. 

Step (ii). —^Transform the three-ray star BA, CA, 
DA in Fig. 3(6) into its mesh. Sa = 10 -F 5 -f 6 = 20. 
The resulting network is shown in Fig. 3(c). 

Step (Hi) .—^Transform the two-ray star CB, DB in - 
Fig. 3(c) into its mesh. = 17 • 5 + 22 • 6 = 40. The 
final result, viz. the effective'conductance across CD, 
is shown in Fig. 3(d), the value being 19*1. 

(2) To find the effect on the balance of a ^Wheatstone 
bridge of earth admittances located at the fourjcorners A, 
B, C, D.—^Appl 3 dng the four-ray transformation to 



Fig. 4,—^Eficct of earth admittances on balance 
of Wheatstone blidge. * 


3Fig. 6.—Capacity network in four-wire telephone cable. 


It will be*observed that since, in general, the number 
of mesh conductors is greater than the number of rays 
of the corresponding star, the theorem is not reciprocal, 
i.e. no mesh in which the members are arbitrary can 
be converted into a star. In the case of three 
however, the number gf mesh conductors eqijpJs the 
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AE, BE, CE, DE (Fig. 4) the new condition iqpc balance 
can be written down immediately as 

where A = a+j8 + y + 8, and all quantities are 
expressed as admittances. The admittances across 

t ^ve&ns ef the Physifol Soffdy, 1821, voL S4, p. 1. 
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AS, CD can be ignored as they shunt the source and 
detector and dp^ot affect the balance. 

A similar equation applies to generalized double^ 
bridge! networks* A particular case of the Wagner 
^oi^le bridge as tipplied to the Wien bridge has been 
wonced out in detail by the author.* 

(3) To deal with the network of capacities obtained in 
the quad form of telephone%able in which there is a capacity 
between every pair of the wires B, C, D, and each wire 
has a capacity to the sheath E \Fig, 5(a)].—Transforming 
the four-ray star AE, BE, CE, DE, the equivalent 
network is shown in Fig. 5(5). For example, to find 
the effective unbalance capacity between AC and BC, 
D being free, transform* the star AD, BD, CD into its 
mesh AC? BC, AB. The effective value of AC is 




(”+?)(•+? 




d 

2/ z H” -{- 5 -j“ c) 


“ The Use of the Wien Bridge for the Measurement of the Losses in Dielectrics 
at High Voltages, witii Special Reference to Electric Cables,** Proceedings of 
Hie Physical Society^ 1923, vol. 135, p. 249. 


-^ . 

where A = a + 5 + c-fd 


The effective value of BC is 




he 

21 = 3? -j- -jr ^ j 

A * d 

* ^ + z + w + 2 ^(a + 6 H- c) 


The unbalance capacity is 


(Aw + c(i;)(g 4- 


cu 


W ^-P + ^^y^g^n)+d(h-d) 


where, in the usual notation, p = -a:, q = z — y, 

n =: a — b. This result has been previously obtained 
by means of the usual methods? but naturally only after 
a great deal of labour? The application of this, formula 
is discussed in an article ov:*' Trunk Telephone Cables 
by E. A. Beavis.* ^ 

* Electrician^ 1924, vol. 92, p. 848. 


DISCUSSION ON 

“ SOME RESEARCHES ON THE SAFE USE OF ELECTRICITY IN COAL MINES.” * 

Discussion at a Joint Meeting of the Western Centre of the Institution and the 
S o^TH Wales Section of the Association of Mining Electrical Engineers, at 
L^'dney, 3 May, 1924. * 


Mr. I. Jones : Although the ignition tests carried 
out during the meeting and given in the paper were 
made on non-inductive circuits, they clearly show the 
advantage of alternating over direct current in these 
circumstances. In nearly all cases in actual practice, 
however, the circuits are inductive, and it would have 
been*of further interest had the author carried out tests 
with inductive circuits, corresponding to power factors 
of, say, 0-6 lagging. Since the 1916 and 1916 reports 
on battery bell signalling by the present author and Dr. 
Wkeeler, there is no question that considerable advance 
bas been ?nade in the design of signalling apparatus for 
underground use. The practice in the South Wales 
district with either the bare wire circuit (with or without 
pull-switches) or the insulated wire circuit with pull- 
swifches, is to use flameproof d.c. bells, with or without 
relays, o^a.c. bells with relays, as circumstances permit. 
Where a suitable a.c. lighting supply at 110 volts is 
available a small transformer of about 60 watts capacity 
with tappings on the secondary side, giving 0-25 volts in 
steps of 6 volts, is used for a.c. bells, together with a 
flameproof relay connected to the external bare wire 
signalling circuit. This arrangement is found very reliable 
in practice ; the trailsformer having an e^thed metal 

♦ Paper byJDr. W.ijMT. Thamton (see page 481>. 


shield placed between the primary and secondary 
windings, and an a.c. bell having a small 14-volt 2-watt 
metal filament lamp connected across the winding. 
This suppress#® the spark at the break and also gives 
a visible indication of a signal.^ The reactance of these 
transformers varies *from 33 per cent to 8 per cent 
according to the tapping which''is used; the short- 
circuit current is 30 amperes on the 6-volt tapping and 
26#amperes on the 26-volt tapping. There is no reason 
why the capacity of these transformers should not be 
reduced to, say,^16 or 20 watts, and the reactance 
increased, or a small non-inductive resistance placed in 
the circuit, to keep d/wn the short-circuit current to a 
much lower value. I should be glad to have the author's 
views on a.c. signajling, as this system, if made equally 
as safe as the d.c. system from ihe point of view of the 
flash occurring at break, is by far the be^t system to 
use in the mine. Lighting underground is at present 
confined to#the pit bottom, and the main roadways for 
a comparatively short distance inbye and also engine 
rooms, where electric supply is available. The 
voltftge generally used is 110 or sometimes 60, and if 
the cdtriict type of control switches, lighting 'fittings, 
and armoured cable is used, there #can be no question 
that when properly malSitained it is a sound, though 
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somewhat expensive, system to install. Roughly 
speaking, the cost of lighting underground with the 
present system is £2 10s. to £3 per point. The lighting 
in the §iain roadways inbye should undoubtedly be 
extended, as this would result in a considerable improve¬ 
ment in the handling of the traf&c. The difl&culty in 
the deeper mines of^South Wal^ is to maintain the 
main roadways in a co-ndition suitable foifthe installation 
of electric light, otherwise the cost of repairs and renewals 
would be prohibitive. Taking, for example, a main 
roadway of 1 000 yards in length from the pit bottom to 
a maid parting inbye, and adopting the system of 
lighting advocated by the author, I take it that the 
method which would be adopted would be to use a 
main medium-tension armoured cable and to install 
small transformers such as were introduced by Messrs. 
Reyrolle. These transformers are of small capacity, 
and are made up in the form of straight-through joint 
boxes; switchgear would be •used on the secondary 
side only, and bare wire enjiployed for the lighting circuit 
in sections o5 say, approximately 200 yards. This 
length would be nearly the maximum possible for 
26-volt distribution, owing to the voltage-drop. The 
cost of^^ lighting a roadway of this length would be 
approximately 10s. per yard. I should be glad of some 
further information as to the system which the author 
had in mind for a case of this kind. 

Major E^. I. David : The part of the paper in which 

1 was particularly interested was that where the author 
shows what a small amount of gas is necessary to pro¬ 
vide an indammable mixture, when coal dust is present 
in large quantities? I appreciated his ^reference to 
Professor Gallowa^^s experiments in tl3s connection, 
which were commenced at Tredegair in 1305. Prof. 
Galloway proved most emphatically that coal dust 
could be ignited by a very small explosion, and would 
ignite most forcibly.. A percentage of something under 

2 per cent of methane would give an explosion every 
time. I think that the policy of a number of mining 
engineers in South Wales of using compressed air coal¬ 
cutters in dry places is the right one. Although I 
heartily agree with the provision of mcjre light in every 
part of the pit, if this means the introduction of elec¬ 
tricity into dry coal faces I do pot think it is the right 
way to attack the problem. We must have a better 
hand lamp, rather than carry electricity to those places. 
I agree with Mr. Jones that it is unfortunate that the 
particular experiments shown by the author were not 
carried out with inductive circuits,^.because practically 
every circuit underground must be inductive. I find 
that an ordinary 26-volt a.c.^bell has a resistance of 
18 ohms, and an inductance of 326 mli. On a 16* 6-volt 
circuit it takes 2 volt-amperes and has a power factor 
of 0* 174. This means that a current of 138 mA has to 
be broKen on the signalling wires ; surely not a dangerous 
current, fudging by the figures given in the paper. 
The relay which we have developed hg^ a resistance 
of 323 ohms and an inductance of 1*29H, taking a 
current of 30 mA at 16*5 volts a»d having a power 
factor of 0*626. When operated with a SOO-ohji non- 
inductive shiint the ,^ignal-wire contact is absolutely 
sparkless. This relay will operate on lin* having a 
resistance up to 420 ohmsi^anj, by adjustment, on a 


line w^ an insulation resistance of only 120 phms. 
One type of d.c. 26-volt bell has normally a resistance • 
of 60 ohms and a non-inductive sliunt of 60 ohms 
across the contact. Another type has a resistance of 30 
ohms, with a protective winding alsobf 30 ohms.* Either 
of these can be operated with bare vnres without wsifcle 
sparldng at the wires. With regard to lighting, I quite 
agree with the author*s proposals. My idea of a lighting 
system would* be a series of 100-watt to 200-watt 
transformers, solid compounded into the cable boxes 
of the main supply cables, supplying a number of 10-watt 
to 20-watt automobile-type lamps at, say, 25 volts. 
The filaments of lamps of this size would be less than 
2 mm in diameter and beigg of tungsten would not 
ignite methane. The reactance of these transformers 
could be made such that the short-circuit current would • 
not exceed 20 amperes. For 20 years we Jiave been 
experimenting with lamps which would give instant 
indication of the presence of gas. If the l*inp shOwn 
is a success it will be a factor in the safety of mines for 
many years to come. I should like to know ^hat 
percentage of methane was present in Fig. 6 and what 
was the frequency in Fig. 6. The earth plate is an* 
excellent one, and I should like to know if the author 
has any data as to its possible life. 

Mr. LI. Hughes : The paper should help to remove 
any existing mistrust of the application of electricity 
to mining work. It is necessary to find me^s of 
reducing high working costs in mines to a minimum, 
and we must look forward to electrical and mechanical 
methods of getting and transporting coal. I think 
that the majority of us will agree with the author that 
electricity is the ideal medium for conveying energy 
underg;round, but it has its limits and we must look to 
its. application underground with a good factor of 
safety. The author says that if the hum^ element of 
carelessn^s could be fear ever removed-the:^ is for eadi 
possibility of electrical risk a simple and effective 
preventive. The Association of Mining* Eleetrical 
Engineers are doing good wwk in removing the human 
element fault, by means of lectures and papto. The 
small percentage of electrical accidents in the South 
Wales coalfield confirms that statement. If we recog¬ 
nize the advantages of electricity for underground 
purposes it is our duty to make full use of the author's 
investigations in regard to its safe application..* !• 
agree with the author that more fixed lighting could, 
with advantage, be adopted for underground roadways. 
Most of the colliery pit bottoms are at present lit by • 
electricity. The dispatch of full and empty trams 
cannot be dealt with at the same rate with prdinaj^ 
safety lamps, and these improvements to transport will 
increase with the extension of fixed lighting, if the safe 
voltage can be determined\ The 25-volt a.c. lighting 
has been installed in the pit bottom at the Trehams 
colliery for a number of years. The only objection to 
this voltage is that if a long distance has to be covered 
by this system the cables have to be sufficiently large 
to allow for the voltage drop. The author's experiments 
to show the effect of falls on cables installed underground 
should be the means of inspiring confidence in those 
who have any doubt of the abiHty of the trip-gear of a 
I modern mining switch to deal mth such conchtions. 
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The.curves on pages 486 and 487 are of interest, especd- 
ally Fig. 6 which shows the inHuence of frequency on 
the ignition of rtfethane. The results of the investiga¬ 
tions point towards low-voltage alternating current at 
high frequency, ^he practical application of such a 
ST^t#m to underground purposes in conjunction with 
e^dsting systems, offers some problems. Schemes for 
districts a mile or two ivjpye, to provide for coal-face 
ligiiting as suggested on pagej489, will call for much 
♦consideration. The statement on page 490 that the 
space above the oil must be thoroughly ventilated, does 
not agree with the design of the best tj^pe of mining 
switch in use to-day, in which the space above the oil 
is not ventilated. This ^pace should be as little as 
possible, ^d where possible all spaces should be filled 
solid with compound. Referring to the earthing system 
described•‘On page 490, I prefer the earthing clamp to 
be^ above the surface of the ground so that it can be 
ins*pected •easily. 

Mr, G. Lewis: I was rather disappointed with the 
experiment in connection with the miner's lamp in the 
gas chamber. If it had been carried out more slowly one 
could have obtained a better idea of the ** caps " at 
various percentages of gas. As a matter of fact the 
lamp went out all at once. The author advocates high- 
frequency alternating current for lighting, and I should 
like to know what minimum frequency should be applied 
and what maximum frequency would be practical. The 
author appears to be prejudiced against bitumen cable ; 
why does he say that bitumen cables should be 
proliibited ? 

Prof. W. M. Thornton {in reply) : In reply .to 
Mr. Jones, non-inductive circuits were used for three 
reasons. First, the infl.uence of self-induction was 
worked out in 1910 for direct currents and again in the 
mv 3Stigation<on signalling bells. The influence of added 
inductance gn ignition can be predicted in the case of 
direct currents once that for non-inductive circuits is 
knowh, It^s not so well-defined in the case of alternating 
currents on account of the difficulty of breaking a 
circuit at a given point in the wave, and to obtain 
certainty as to the maximum voltage conditions at the 
moment of break when working with alternating currents 


it is necessary to use in these researches circuits that 
are non-inductive. Secondly, by so doing the outside 
limit of current is found ; inductance always lowers it. 
Thirdly, the singular variations in the curves repressing, 
the experimental results are complicated by inductance. 
For road-lighting a cable at medium pressure with small 
straight-through transformers would be the, most 
convenient anTL economfcal. For face-lighting it might, 
be better to transform at a gate end and^carry 26 volts, 
or less inbye for lighting at 160 frequency. Details, 
of this are under consideration. 

In reply to Major David, the essential feature of a 
safe circuit is a low time-constant. If the inductance 
is relatively high the resistance in series with it must 
also be increased. In every case the effect of inductance 
on ignition can be counteracted by shunts across the 
magnet windings. The question of better lighting at 
the face as a means of relieving ahy sense of uncertainty 
as to the state of things from moment to moment can 
in my opinion be dealt witl? best by a combination of 
the portable electric lamp and a low-tension cable/ 
to which it may be flexibly connected by a safety 
interlocking attachment. 

I agree with Mr. ^Hughes that an entirely rsatisfac- 
tory method of carrying electricity far inbye for coal-' 
face lighting will call for much more investigation before 
it can be adopted. All that the work described in the 
paper does is to indicate possible lines by which the 
solution may be reached. /- 

Mr. Lewis is, I think, under some misapprehension 
as to the test with the “ dropper^' type of oil safety- 
lamp in the ^as chamber. The" essential point of that 
lamp is that it goes out, or nearly^so, before any per¬ 
centage capable of forming a visible cap when the flame 
is high could be formed. The lamp gives warning that 
2,J. per cent of gas is present without any lowering of 
the wick, so. that men can continue in full work feeling 
sure that full warning wilfbe given when it is necessary 
to leave the place on account of gas. With regard 
to bitumen cables, they give off, when overheated, 
large quantities of methane, hydrogen and sulphuretted 
hydrogen, all inflammable gases, and they are, or were, 
rather subject to water faults on direct-current systems^ 
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the shape of pole-shoe required to produce a SINUSOIDM- 

MSTRI^ifelTION OF AIR-GAP FLUX DENSITY.* 


By B. Hague, M.Sc., Associate Member 


[Paper first received 29/A April, and in final form lUh Jtily, 1924,) 


Summary. 

Considerable interest has recently been shown in the 
-^mplete elimination o£ all harmonics from the induced 
E.M.F. wave-form^ of an alternator. The methods usually 
•employed m practice for the purification of the wave-shape 
fall into two classes : \a) in which certain harmonics are 
removed by proper choice of the characteristics of the 
armature winding, and (b) i§. which an endeavour is made 
to attain the dfcsired end by producing a sinusoidally dis¬ 
tributed fiux^round the air-gap. The object of the present 
paper is to give the theory of a commonly used method of 
the second class, in which the reluctance of the gap from 
Piiint to^oint is adjusted to the value proper to the sinusoidal 
ffux by shaping the pole-face to give a gap of varying length, 
longer at the tip than at the centre of the pole. The problem 
is solved for the case of a smooth-core armature, or for one 
in which tliQ slots have been closed by means of magnetic 
wedges, such as would be used in a wave-form standard. 
Flat and circular armatures with any number of poles are 
dealt with, the shape of the pole-shoes and the permeance 
of the gap being detcf'mijiBd in each case. Tiie paper con¬ 
cludes with a numi^ical example illustrating the theory 
given in the text. 


Introduction. 


In discussing the elementary theory of the alternator 
it is usual to assume that tli^ magnetic field in which 
the armature conductors are situated is distributed 
round the air-gap according to a sine law, sew that the 
wave-form of the electromotive force induced in the 
armature winding may be sinusoidal.^ Since the use 
of impure wave-forms in alternating-current circuits 
gives rise to a numbed of techi;ical troubles, the sine- 
wave alternator ri^preseiits an ideal to which modern 
design practice is tending to attain. Indeed, the per¬ 
missible ;yariation of the voltage wave from the sine 
form is often stated in specifications for alternators, 
and an endeavour is now being made to set up a criterion 
by which the purity of the wave-fc^m can logically be 
judged. The subject of the pi^-ity of the voltage wave 
of alternators has recently been considerably studied in 
connection with the imj^^ortant problem of the inter¬ 
ference between supply networks and neighbouring 
telephotie circuits. 

In conne’etion with the telephone interference problem 
it has been suggested that a small alternator might be 
designed to give, an exact sine wave of terminal voltage, 
the machine being intended for laTioratory use as a 
reference standard. Such a wave-form standard^would 
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embody all the means known to the designer to suppress 
all harmonics from the voltage. To this end, a smooth 
core with a distributed winding would be" used, the 
pole-shoes being empirically shaped so that the' flux 
distribution is approximately sinusoidal. Machines of 
a similar type have already been constructed fpr purposes 
of measurements in telephonic research. 

Whether the alternator under construction is ioi; use 
m ordinary engineering practice or for some special 
purpose such as that just mentioned, there are numerous * 
methods available to the designer in his endeavour to 
secure a pure wave-form. Among these are ^ the 
following:— 

(1) Distribution of the armature winding in such a 
way as to cut out certain harmonics by the reduction 
of winding factors to zero. Alteration of the phase- 
spread or the coil-span, interlinking of the phases, the 
use of wave windings, and other similar devices may be 
employed. Unless the distribution of the gap flux is 
sinusoidal, it is not possible to remove all harmonics 
by alteration of the characteristics of the winding alone. 

(2) Skewing of the armature slots or of the pole-shoes. 

(3) The use of closed slots or of slots filled at the 
mouth with a wedge of magnetic material. In small 
machines slots are dispensed with entirely ahd a smooth 
core is used. 

(4) Application of a system of poles which will 
produce a sinusoidally distributed magnetic field. Two 
methods are used in practice. In the first the axial 
width of the pole-face is so adjusted that with an air-gap 
of constant length an approximately sinusoidal distribu¬ 
tion is produced.* In the second, the axial width of 
the pole-shoe is constant but the face of the shoe.,is 
shaped to give an air-gap longer at the pole-tip than at 
the pole-centre, the intention being again to produce 
a sine wave of flux density. This device is very com¬ 
monly used for improving the flux distributionr the 
shoe being shaped empirically. 

It is the object of the present paper to examine 
theoretically the last-named method, i.e. to find wliair 
shape would be given to the air-gap in a salient-pole 
dynamo so that the flux shall be distributed sinusoidally 
over the armature surface. 

To solve the problem by simple mathematical ifxethods 
it is necessary to lay down certain fundamental con¬ 
ditions, which can now be briefly stated :— 

[a) The normal distribution of field strength over^ 
the surface of the armature core is postulated to be 
sinusoidal. 


* W , T. Maccall; 
p. 172. 
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(b) The armature surface is supposed to be smooth, 
so that the flux distribution is steady. 

(c?) The iron parts are assumed to have infinite 
' permeal3ility, so tttat both the armature core and the 
pofie-^ace can be tajfen as equipotential surfaces. 

Two cases will be considered :— 

(i) Wliere the armature has a plane surface; and 

(ii) Where the surface is a right circular cylinder. 

•• As will be shown at a later stage, multipolar machines 
approximate closely to case (i). To simplify still 
further the details of the problem the machine is sup¬ 
posed to have a very great axial length, attention being 
confined to a portion o| unit length situated at a 
considerable distance from the ends of the machine. 
The distribution of the magnetic field in the portion 
under consideration is then sensibly two-dimensional. 

In either case the method to be adopted is the same. 
With the given armature surface and the assumed flux 
distribution over it, an endeavour is made to find the 
natuSrai system of equipotential surfaces due to these 
given conditions. A pole-shoe coinciding with any one 
of these equipotentials will then give the desired flux 
dis1?ribution on the core. Briefly, the process consists 
in flfiding a function £J specifying the magnetic potential 
at points external to the armature core. If bv be an 
element of length in a given direction the magnetic 
field-strength in that direction is, from the well-known 
definition of potential, given by 

£i must be chosen so that has specified values on 
the armature surface. The choice of a suitable form for 
ii is suggested by experience and is determined by the 
nature of the surfaces bounding the field, ii must, 
however, sfftisfy Laplace's equation of continuity, 
expressed jn suitable co-ordinates. The following 
sections will show the procedure applicable to the 
present problem. 


Armature with Plane Face. 

In Fig. 1 let XOX be the plane surface of the infinitely 
-p^mieable armature core. Further, let the surface be 
at zero magnetic potential and let the magnetic field 
strength normal to the surface be 


^ . TO 

H = Hi sm 


. . (1) 


where X represents the pole-pitch. It is now required 
to find the resulting magnetic potential, ii, at a point 
P ext^lrnal to the plane core. 

It is easy to show from a consideration of the con- 
tinuityof the flux passing. P that the . potential must 
satisfy Laplace's partial diflerential equation 




[2a) 


Moreover, since XOX ig an equipotential surface the 
entire magnetic .field strength on it must be normal 
to'’ J;he"' surfiice and equal tO the assumed field. The 


potential must be such, therefore, that the boundary 
conditions 

=ffisin5 . . (26) 

\ oy/y^o X 


and 


I txJ, 




(2c) 


are simultaneously satisfied. 

From these boundary conditions experience indicates 
1diat the appropriate form for the potential is 

Q, = YHi sin px 

wherein F is a function of y only and ^ is a constant 
coefficient to be determined. 




1 

y 

A 



Inserting the assumed form for £i in Equation (2a) 
gives 

/72 V 


d^Y 

dyK 


the solution of which is 

♦ r = A€Py + Be-iV 

A and B being constants. Hence 

£i = Hi(A€3W + B€-/y)sinpaj . . (3) 

Difierentiating Equation (3) with respect to y and then 
making 2/ « 0 gives 

( 7uD\ ^x 

^ =: — Bip(A — B) sinpx « Hi sin — 

^ [from Equation (26)] 

Comparison of coefficient makes 

TT 


p = 


X 


and 

whence 


p(A - B) = - 1 
A 


TT 


Next differentiatii?g Equation (3) with regard to 
making, y = 0, and comparing with Equation {2c)> 
gives, onAnsertion of p = rr/X and A = B — (X/tt), 


.. r.:, 

H 


« X\ • -TO 
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From this and the preceding relation, 

A*= — — and B = — 

# 27r 27r 

Finally, putting these values of A and B in Equation (3), 
we get ^ ^ 

£i = - Hi- sin — smh^ ... (4) 

7T JL JL 

Natural equipotentials and lines of force. —On an 



mWK 





BlBii 
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Fig. 2.—^Equipotentials and lines of force near plane armature 
plotted from Equations {6a) and (56). 

equipotential Q is constant; writing 0 = — 'rrCijHxX 
as a parameter, we g^ ^ 


.JTTx . .'Try 
siir— sinh — = C 
jS. a 


. (6a) 


as the equation to the equipotentials natural to the 


bered that flux is leaving the armature (H posifive) 
between 0 and X. il 

From Equation (6a) we obtain by differentiation 

dv * ^ Try ,'ftx 
— = - tanh—cot^ 

The lines of force cut the equipotentials at right angles, 
so that the slope on the^i miftt satisfy the equation 

— = tanh-:^ cot — 
dy XX 


which on integration gives 


7TX .'Try 
cos — cosh 


( 66 ) 


as the equation to the lines of force, D being a parameter. 
These are also plotted in Fig. 2. 

Shape of pole-shoes.—In Fig. 2 the ordinates through 
the points 0 and |X are axes of symmetry. ^Choosing 
a definite numerical value equal to (7, let the equipoten¬ 
tial surfaces given by Equation (6a) be traced for -f- C, 
giving south poles, and for — G, giving north poles. 
This is done in Fig. 3. It is now clear that a system of 
alternate north and south poles having the shapes of 
these equipotential surfaces and having magnetic 
potentials determined hyT G will give rise to a sinusoidal 
field along the armature surface XOX. 

It is obvious from the shape of these poles that the 
leakage between successive north and south poles will 
be infinitely great and that there is, moreover, no 
provision for a magnetizing coil to maintain the poles 
at their appropriate potentials. These objections and 
their practical significance will be referred to later in 
dealing with the more important case of a machine 
with a circular armature core. 



PiQ, 3,—-Pole-shoe form required to produce sinusoidal flux distribution on the surface of a plane armature. 
^ ^ Useful arc of pole is *'ab.'* 


• 

sinusoidal field distribution. These are plotted from 
a; == 0 to a; = X in Fig. 2 for various positive values of 
0, i.e. for negative values of £2.* The equipotentials 
facing this portion of the plane armature are thus 
south poles, as is otherwise obvious when it is remem- 

* For a similar diagram see RUdenberg : 
magnetiscben Induktion in Dynamoankem und die 
und Wirbelstromverlustenn” EUklrotechmschefSetts 
The matter is also dealt'with by F. EMb»: eSmia 
der Elektrotechaik ” (1924), p. 93. 


“ Uber die Vefteiliing der 
Berechnung Ton Hysterese- 
chnft, 1900, vol. 27, p. 100. 
srelief und Tangensrelief in 


Permeance. —^Assuming the poles to have* the ideal 
shape indicated in Fig. 3, it is of interest to ermine 
the permeance of the air-gap field, this being emitted 
by the arc “ ab ** of the pole. 

Since the field at the armature face is given by 
H == Hi sin (to/X), the flux* per pole is 


F = ^Edx == length 
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Let •the chosen equipotential pass through a point of 
v/hich the co-ordinates are (JZ, Ig) ; then hrom Equation 
(5a) the approprTate value of the potential of the shoe 
will be given numerically by (^T^X/Tr) sinh = £i' 

say. Then if a =» least gap *len<;th/pole-pitch = 
t^ permeance of the gap field per unit axial length is 


P = ^= 


F 


si Jh air 


• • ( 6 ) 


which is plotted in Fig. 4. 

It is important to compare the permeance given by 
Equation (6) with tliat calculated by Carter * for a 


1 
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Fig, 4,—^Permeance of air-gap between pole and armature. 
The ordinate gives P, the permeance per pole for 1 cm 
axial length; the abscissa is the ratio a “ least gap 
length/p(^e-pitch. 

plane arm^ure opposite which is placed a system of 
alteamate »ortJi and south poles with infinitely deep 
rectangular shoes. Carter shows that the permeance 
may be expressed as 

P = - + 2A 
h 

where h is the pole^arc, 

the gap length, and 

in -v^bich c = |(X — b). This expression for the perme¬ 
ance has been plotted for comparison in Fig. 4 for two 
values K)f pole-arc/pole-pitch, corresponding to certain 
, proportions of pole used in practice. The designer will 
see that the adoption of the sine-wave'' shoe only 
results in a small loss of permeance when compared 
with a ''rectangular" shoe having the usual practical 
ratio of afc to pitch. 

Armature with Circular Surface. 

Attention will now be directed to the solution of the 
"" more practical problem in* which the surface of the 
armature is a right circular cylinder, represented by 

• F. W. Carter; ’‘Note on Airrgap and Inteipolar Induction,” Journa},. 
j:.E.E..1900,^VOl,20,p. 926. ^ ^ 


the circle of radius a in Fig. 5. Let the circle be at 
zero magnetic potential so that the magnetic field is 
normal to it and can be represented by^ 

• (7) 

p being the number of pairs of poles in the machine. 

The magnetic pol^ntial at a point P at whiph the 
polar co-ordiiSates are*^(r, 6) must satisfy Laplace*s 
equation expressed in cylindrical polars, gamely 


_ 

y 7ir 


= 0 


.(8a) 


In addition, Q must be such that the normal component 
of field on the circle r = a is the given value of H and 
the tangential component is zero ; that is 


{ 


and 




. ( 86 ) 


(8c) 



To solve Equation (8a)^ assume that the form of is 
£2 = JS sin nd 

where a function of r only and n is a coefficient. 
Then substitution in Equation (8a) yields 

This equation is of the homogeneous form, the trial 
solution of which is jR = r’w. Inserting this gives ^ 

^3 _ = 0, 

or m = ± n 

Thus the value of is 

B + Br-» 

A and B being constants to be found. Hence 

£i = {Ar^ -f Br-») sin n6 . . (9) 

Differentiating Equation (9) with respect to r, making 
f = a and comparing with Equation (86), ^ves 

S3 — n(Aa^-'i — 5asin nd = Hisinpfl 
V "br/r^a "" 

Comiferison of coefficients shows that 


p 


• - ('"“I 
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Again, differentiating Equation (9) with respect to d, 
making r = o and using Equation (8c), we get 

cos = 0 

r'^Wr-a 
from which 

A i= - .... (10b) 


potential £i is constant; writing 0 = — 2pQI(Hia^^) 
as a parameter we get ^ 

as the equation to the natural equipotentials.^ Tkefc 
have been plotted in Fig. 6 for two cases, namely when 


(- 






Solving Equations (10a) and (10&) makes 
A = - and B = 

2p 2p« 

which on insertion in Equation (9) gives for the magnetic 


potential, 


i^aiurfiLleqUipotentials and of force ,—On an equi- 


0=1 and p = 2. In this diagram it has been assumed 
that a = 1 unit and that = 1. In eac]j case one 
pole has been drawn; the diagram must be repeated 


“he eauationto the equipotentialsbasheeQgivenj>ypr. J.F.H. Douolw, 

^^s^ ^fihTA^&n lnstUuU of Eleclrictd Engineers^ 1916, vol. 84, 
ofTtTiilfZWe. Putttof p L1 in Equation a2») 

sin 8 =« C; transforming from polar to rectangular co-ordinatea# 
r« - *> + sin » - f. -5-^ "** equation to the 



926 


HAGUE; THE .SHAPE (JF POLE-SHOE REQUIRED TO PRODUCE A 


2p times round the circle, the sign of Q marked thereon 
being reversed at each repetition. 

Dififerentiatinf Equation (12a) gives 

de\ + toxipQ 

dr “ ^ r 


Since the lines of force (jpt the equipotentials at right 




angles the slope ddjdT on them must satisfy the 
' equatii^n 

1 dr _ -f cfip ^ tan pd 

-a^p ^ ~~;r~ 

Vhich on integration gives 

m 


as the equation to the lines of force. These have 
been plotted in Fig. 6 in such a way that the flux 
per pole is divided into 20 tubes of force of equal 
strength. " ^ 

Shape of pole-shoes .—In the same way as before, the 
pole-shoes should be chosen to coincide with the equi- 
potential surfaces o#’alternate s<?uth and north polarity 
defined hy 0 and (7 in Equation (12a). Typical 
instances are adapted from Fig. 6 and are shown in 
Figs. 7 and 8. Fig. 7 shows two-pole and four-pole 
machines with external poles; Fig. 8, on the other 
hand, depicts the corresponding internal-pole machines. 
In both diagrams the gap lines of force are indicated. 




Fig. 8. —Pole-shoe form inquired to produce sinusoidal flux 
distribution on the® surface of a circular cylindrical 
armature for two-pole and four-pole, smooth-core 
machines with internal polesr Useful arc of pole is ** ab.“ 

r 

It is interesting at this stage to note ano important 
practical fact. In a sine-wave generator the armature 
winding is bdund upon the surface of the core; hence 
the conductors lie upon the core at a mean radius 
greater tlian a—^assuming a machine with external 
poles.^ Inspection of Equation (11) shows that ^Q.j'br 
is propdi-tipnal to sinpd for value of r, i.e. on any 
circle concentric with**the core the*^adial component 
of the field is stiy sijtfus6idalfy rfistfibuted fblind the 
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periphery. The conductors will thus still remain in a 
sinusoidal field even though they are above the core 
surface. A similar argument and result can easily 
be seen to tpply*to the flat-core problem, as an inspec¬ 
tion of Equation (4) will show, since 'bQJ'by is proportional 
to sin (TTxjX) for all values of y. 

The shapes of poles sfllbwn in Figs*7 and^S cannot be 
completely realized in practice, owing to the fact that 
a practical pole possesses a core upon which a magnetizing 
coil is wound. This core is provided with a shaped 
shoe facing tlie armature. The results of this paper can 
be very approximately utilized in practice by arranging 
that the shoe face is cut to fit the arc marked ab of the 
chosen equipotential. Since the rest of the pole does 
not coincide with the remainder of the equipotential, 
the interpolar leakage will be considerably altered, and 
with it to some extent, the distribution of the flux 


OF AIR-GAP FI!uX. DENSITY. 

-- 

influence of the magnetizing coil and the core of the 
pole on the distribution of the air-gap fl^x will be small 
if the breadth of the core is not great in comparison 
with that of the shoe. TJie hi Jdie gap i% then 
screened by the shoe from the stray field of the magnetiz^ 
ing coil and from the effects of the modified interpdlar 
leakage. In these circumstances the results of this 
paper should apply with ^higlf degree of accuracy, and 
any remaining discrepanc}^ could be compensated by the 
artifice shown in Fig. 9 for the case of a two-pole machine. 
Cut out the pole-shoe to conform to two of the theo¬ 
retical equipotentials and attach it to a small pole-core 
in the manner just suggested. Since the iron of the 
shoe has a high permeability, bbth surfaces of th shoe 
will be approximately equipotentials and wiH. not be 
much influenced by stray fields from the main coil. 
Now put on the tips of the shoe an auxiliary winding 



Fie 9—Detail of pole-shoe in two-pole machine, showing auxiliary wincUng airanged to c^pensate for the 
Fig. O.-Det^ oi poie sn and the pole-core on the air-gap flux distribution. 


which leaves the cojners of the shoe. To restore the 
sinusoidal flux distribution on the armature core the 
pole-tips would require to be sHghtly reshaped. The 
precise amount of shaping could, in any given case? be 
found by a process of trial and error using any suitable 
experimental or graphical method.* • .. . i-u 

Mr. S. Neville has pointed oulii^o the author that the 

• Th. Xlrehholl currant method is one of the most convenient expe^ental 
mrth^l electrodes, one shaped to repres^t the 

MASErK fscf Blais'S 

mental basis as a result of his . pirsiiovflcftn This depends on the f*ct that 

uteJK sssifsr i&j. Sj-fesra 

method. 


opposing the main winding and such that the drop of 
m agnetic potential along the edge of the shoe is equ^l 
to the difference of potential between the chosen 
equipotentials. This device might be^ necessary in 
wave-form standards where absolute purity of flux 

distribution is desired. * 

Permeance .—^The gap permeance when the shoe hgs 
the ideal shape is easily found. Let P be the flux per 
pole, then 

r”’/^ 2Hia 

F == Badd = Bx<i\ smpBdB == —— 

Jq *^0 ^ • 

When d = F/(2p) and the pole-shoe is formed by tne 
equipotential passing through a point at a radius r = h 
the numerical value of the potential thereon is, from 
Equation (11), 

, HiaJ'+VS*’ 1\ . gig (t>^ - 

- "2p“\a^ .6’’/ • 
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Tlfe permeance per unit axial length is thus 
F ^ iaPbP _ 4aPbP 
^ ~ Cl' ~ ~ {b^ — a:P){bP -F o^) 

The minimum air-gap is 6 — a; if 6 > a the machine 
®a§ external poles, if 6 < a the poles are internal. 
This result can be put into a more convenient form; 
let ]8 “ radius at po4e-centre/radius of armature 
= 6/a, then • 

P numericaUjr . (13) 


from which the shape of the pole-face in any given case 
can be approximately found. To illustrate this the 
following numerical example will be* of service. Take 
the case of a two-pole, smooth-core, sin^j-waVe alternator 
with external poles, the radius of the armature core 
being a = 16 cm. If the minimum length of the air-gap 
be 1 cm, the radiu^to Jthe pole-Sentre will be 6 ^ 16 cm. 
Let the ma:S.mum flux density be = 6 000 lines per 
cm2, so that the flux per pole for 1 cm 'axial length is 

2Hia = 2 X 6 000 X 16 = 180 kilolines. 


p 


12 



Fig. 10.—^Permeance of air-gap between pole and armature. The ordinate gives P, the numerical value of the permeance 
per pole for 1 cm axial length; the abscissa is the ratio a = least gap length/poie-pitch, the latter being 
measured at the armature surface. * _ 


j5y a simple change of variable these results can 
be compared with the permeance curve for a flat 
armature. Tlius 

S(8 - 1 ) = — 1W = minimum gap ^ ^ 

TT" * 7r\a / 7ra/p pole-pitch 


Referring to Equation (11) and putting p == 1, r = 6, 
0 gives for the potential of the shoe 

a^==§(6-a)(6"-Ha)^=^xlx31 

= 6 810 e.G.S. units. 


Equg,tion (13) is plotted in Fig, 10 to a base of a, the. 
curve* of Fig. 4 for a flat armature being included for 
comparison. It will be seen that multipolar machines 
tend to approximate closely to the result found for a 
flat armature. 


Inserting this value in Equation (12a) makes 


C 


2£i' 2X6 810 

^ Hia2 6 000 X 152 


0-0086 


so that the equalion to the pole-face is 


• Conclusion. 

The formulse developed in the paper and the curves 
jpiotted therefrom wiU p^vide the designer with data 




0-0086 


f. • o 

in which r >16. ^B;^^hcfosihg values of rV0 ban readily 
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be calculated and the curve set out on polar co-ordinate 
paper. To determine the useful arc of the curve—the 
arc '*ab*' of Fig. 7—it is necessary also to set out the 
critical lirh of ♦force emanating from the armature 
surface at the point r ^ a, 0 = 0, Putting this in 
Equation (12&) gives D = 2ja, so that the equation to 
the critical line limiting the arc is^ • 

,(225 -1- T^) cos 6 = 30r. 


- ^ -— — 

The ampere-turns required for the gap are 
Q70-47r = 5 010 / 0-477 = 4|40 
and the permeance per cm axial length is 

P = 180 00*0/6 810 = f 

In. conclusion the author wishes to thank ProfesloF 
G. W. O. Howe and Mr. S. Neville for their valuable 
advice and criticisms diying*the preparation of the 
paper. 


SOME NOTES ON INSULATING PAPERS. 

By A. I. Macnaughton, B.Sc., Student. 

{ABST'RACT^f paper read before the Scottish Students’ Section, \Uh December, 1923.) 


Introduction. 

During recent years considerable attention has been 
given to Insulating papers, and the %.uthor hopes that 
the following notes may prove of value, as no clear 
appreciation of thp possibilities and limitations of such 
papers can be obtained without a knowledge of what 
paper is and how it is made. 

Paper is usually defined to be '' a deposit of vegetable 
fibres from aqueous suspension,*' and these fibres belong 
to one or other of chemjpal groups known as ''^cellulose." 



pio. 1.—Relation between humidity, moisture and strength. 

Only two celluloses are considered here: ia) Normal 
cellulose, which is contained in cotton, linen and hemp, 
and (6) cellulose obtained from other Vegetable origins, 
which is more highly oxidized than that already referred 
to. There are many forms of this latter class, but the 
exact constitutionai differences not understood, 
though* proportional to their (^gsiae of oxidation, they 


are more liable to attacks from acids and atmospheric 
conditions. Another property common to all types of 
cellulose is ** water of condition,** and this varies for each 
cellulose. This water content varies directlj^ as tne 
humidity for any constant temperature, and it greatly 
affects the tensile strength (see Fig. 1). 

Manufacture of Paper. 

In the preliminary treatment all impurities have to 
be removed from the raw material, which may be rags, 
jute bagging, old manilla ropes, etc. They are picked 



by hand to remove all pieces of metal, etc., after which 
the material is dusted and partially disintegrated by 
cutting in special machines. After this treatment it 
is passed into large rotating boilers where it is boiled 
with an alkaline solution for a period of about 6~10 
hours under a steam pressure of lft-60 Ib./sq. in. 

Wood pulps are prepared iij the same way,^i.e; ,thei, 
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soda '' and sulphate group of pulps are prepared 
by digesting pxe wood with an alkaline lye of caustic 
soda, and the sulphite ” pulps by boiling with an acid 
solution of hydrpgen sulphi1;es of calcium or magnesium, 
^the difference being that while in the former group 
the resin is unaffected, in the latter it is dissolved. 

When the wood—or rags, as the case may be—^is 
completely digested, the liqpor is run off and the pulp 
washed with a copious supply of water. 

After this preliminary treatment the pulp has to be 
resolved into its elementarj^ fibres, and the fibres them¬ 
selves cut to lengths of from 4 to 1*5 mm. This is 
carried out in a breaker or hollander " (Fig. 2), 
which consists essentially of an oval trough containing 
two revolving drums, one on either side. One drum 
is fitted with longitudinal blades which cut the fibres 
to their desired length, while the other, a framework 
.^covered with fine wire cloth, carries off the dirty water, 
clean water being added to the trough until the pulp, 
half-stuff,is thoroughly cleaned. The “half¬ 
stuff ^^is then fed into the " beater, “ which is similar 
to a “ breaker “ except that it has no wash drum. 


endless rubber belts which rest on, and run with, the 
wire. The water separates from the pulp by dropping 
through the wire gauze, this actiopi being accelerated 
by suction boxes over which the wire? is p#: 3 sed. The 
pulp, which is now wet paper, is further dried by passing 
between heavy rollers. The paper web, supported on 
an endless band cff felt, is passed through two or more 
sets of press rollers, and then through a series of steam- 
heated drying cylinders, the web being maintained by 
the felt in close contact with the cylinders. 

Thus stated, the action of the “ Fourdrinier “ machine 
is quite simple, but in practice it presents some diffi¬ 
culties. First, the whole wire belt has imparted to it 
a lateral motion termed the “ shake “ in order to assist 
to “ felt “ the sheet together. This shake, as it plays 
a very important part in determining the strength 
of the finished product, must be controllable both 
as regards frequency and travel. Secondly, the paper 
shrinks as it dries on being passed over the drying 
cylinders, and so' the (iff'ying cylinders must be run 
at a progressively lower speed as the paper proceeds 
down the machine. This variation in speed must als^ 


2"^‘*press rolls- 


Endless helt 

of wire gauze Suction 

\ __ JDOxes 

tJ O u buuuuuuuo ' uoo i ^mi 


i^-!^press 

Couch rolls 




Path 

paper 


Fig. 3. Line diagram of paper machine 


Here the fibres are again cut or bruised and fibrillated, 
according to whether absorbent or non-absorbent paper 
is required. When the fibres are bruised they become 
coated with a slimy hydrated cellulose film. Non¬ 
absorbent paper is stronger than absorbent paper. 
^ To make the paper thoroughly non-absorbent, size must 
rbe added. This is prepared by treating melted resin 
with sodium carbonate and then diluting with water, 
the resulting.solution being added to the beater. The 
addition of alum again precipitates the resin, which forms 
a coating on the paper, making it waterproof. 

Paper Macpiine. 

, The only paper machine described by the author is 
th(r “ Fourdrinier paper machine. 

After the pulp leaves the beaters it is led into the 
stor^ tafik or “ stuff-chest,“ from which it is pumped 
continuously, through sand traps and strainers, until 
it is fed evenly on to the whole width of an endless band 
of wire gauze. The consistency at this point is about 
1 per cent (i.e. 1 lb. of dry pulp to 991b'. of water). 
Ihe wire gauze is supported on suitable rollers and 
moves forward in a <liojizontal plane (Fig. 3), the pulp 
being prevented from overflowing by means of a pair of 


be controllable since different papers shrink according 
to the materials used in their manufacture. 

No matter how the pulp is cleaned, certain impurities 
are always present in paper. In the original paper 
a list of these impurities, which include (1) free acids, 
(2) sulphur, and (3) metals, was ^iven, their effect on 
the quality of the paper was stated, and the methods 
used to detect and eliminate them were detailed. In 
acTJition, the physical tests to which paper can be 
submitted were given and described. These include : 
(a) Thickness, (Sjr tensile strength, [c) bursting strength, 
(d) folding, ^ {e) pinhoLrs, and (/) porosity. These tests 
are all carried out in accordance with the specification 
of the Electrical Research Association. 

Iksulating Papers. 

{a) Gemral.~Fox papers used for the 'insulation of 
machine slots,, bolt-holes in yokes or to^ form cores for 
coil windings in transformers, where the electrical 
pressures betwiTen adjacent conductors are not large, 
me(?hanical strength is the determining factor, and papers 
made<'fiom sulphite wood pul^, and glazed, are found 
satisfactory. Tissue-papers used fcgr condensers must be 
free from pinholes andT are usually made from linen 
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rags which are grass bleached, i.e. bleached by the sun 
and atmosphere. 

f-i (^) Cable paper ».—Papers for insulating cables must 
be very pmre, b(tth chemically and physically, free from 
all metallic inclusions, and must also be able to absorb 
vainish, a fact which n^ay diminish their strength. 
Owing to the excessive ctist of ma^illS, rope^ '' composite 
jDapers '' are sometimes used for this purpose and are 


compositions of several types of varnishes were given 
in the original paper. 

Dry-Core Cables for Telepi^one WoriC 

These are insulated with unimpregnated paper niade 
from manilla. In the original paper a list of clauses in 
the suggested Research Association type of specification 




Fig. 4.—Cable-winding cage. 


made from jute afld soda wood. The paper is laid on to 
the cable by means of a “ cage.'" This carries the paper 
reels (see Fig! 4), and as it revolves it wraps the paper 
around the cable. The cable is dried under vacuum 
at about 275° F. for 12-30 hours, and is then impregnated 
at 240° F. with varnifh /or 4-30 hours, after which it 
is led direct to the® bitumen forcing machine. The 


was set out. This specification is given in the Joumal 
(1023, vol. 61, p. 082), and embodies the following 
clauses : Condition, Thickness, Density, Tensile Strength, 
Bursting Test, Tearing Test, Porcsity, Absorption Test, 
Moisture Loss, Acidity and Alkalinity, Mineral Ash 
Test, Resinous Material, Nitrogenous Material, Metallic 
Particles, Flash Test and Microscopical Examination. 
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By B. L. Metcalf and 0. Morduch, Students. 


(Abstract of paper read before ike North-Western Students' Section, 26tt February, 1924.) 


Summary. 

The importance of foreign markets for the electrical 
industry 6f Great Britain and the characteristics of Russia as 
a prospective market for electrical goods are discussed, a 
brief account being given of general Russian economics. 

^ The possibilities of electrification in Russia, and projects 
of various electrification schemes are then described, and an 
outline of results achieved and work done is included. 


1. Introduction. 

The future of the electrical industry in Great Britain 
is becoming increasingly dependent upon its export 
trade. It is important, therefore, that all engineers, 
even though they may belong to a purely technical 
branch of their profession, should take a broader, more 
open-minded, view of the problems facing their industry. 
The beneficial results to be obtained from research 
departments are now fully recognized by most of the 
big manufacturing concerns in this country, but in 
these research departments th6 amount of time devoted 
to commercial research is disproportionately smaU. 
The British- electrical industry, although comparatively 
young, has gained an honourable place among the 
electrical industries of other countries, and can now j 
safely conTpete anywhere with regard to the quality and 
wide range of its products, but the problem is how to 
find a regular demand for these products, a demand 
which will maintain the industry in a healthy state and 
in addition help it to expand and develop. The needs 
of the home market are insufficient, consequently a 
yolununous and permanent export trade must be built 
Tip—and this as energetically as possible if the good 
start that has been made is not to be lost. In line with 
these special considerations there is the national problem 
of -^idespread unemployment which calls for the earnest 
attention -of all sections of the community. The need 
for commercial research, therefore, to discover and 
,, develop new markets, and to assist in the disposal of 
finished products, seems to be a very urgent one and 
worthy of more active attention than it has received 
up to the present. Due recognition must be given to 
the good^work that has been, and is being, done in 
connection with Empire development, and to the attempt 
to create a single self-supporting unit out of the British 
Empire ; but the results so far obtained in this direction 
have been inadequate, and the depression at home is 
still very acute. The indication is that the trade of 
Great Britain must co*itijiue to be world-wide and must 
not Jimit itself to any one^particular region. 


2. Search for New Markets. 

To attempt to find a new field for commercial develop¬ 
ment, the guiding factors are :— 

(1) Large natural resources. ^ 

(2) Accessibility of these resources. 

(3) Political or legal, and physical considerations. 

(4) Backward state of development, r 

Keeping these ideas in mind, the country whiclip 
presents itself most forcibly and which appears to 
satisfy the above considerations to a marked degree is 
Russia. Russia is the largest potential market in 
Europe, possessing enormous mineral and agricultural 
wealth. Yet it is practically undeveloped, as may be 
seen from Fig. 1. The shaded area represents the 



MRegions at present commercially developed. 

HSJegions capable of development, hut as yet 
^ uTideveloped. 

Fig. 1. 

regions as yet undeveloped, but capable of development, 
and is seen to cover practically the whole of Russia, 
wit^ the exception of a small industrial crea in the 
extreme west, and a narrow belt following the route of 
the Siberian Railway. The extreme north and the 
plains of Siberia are incapable of development at present. 

r 

3. State of Electrical Industry and DEVELOPMipr 
IN 19'14. 

The following works existed in Russia in 1914 :— 

A. Electrical machinery .*—Russian Co.'s 

works in Mcscow, employing 1000 hands. Volta 
worses in F^val, employing about 600 hands. A.E.G. 
(Russian) workSsin Riga, emplo 3 dng over 1 000 hands. 

* The mamifacture of electrical machinery in Russia was not stjflScient to 
cover the requirements of the home market, over 60 per cent of this liaving 
to be imported from abroad. The output 9i the above works lor 1913 was— 
besides otheTelectrical machluery^l4 800 dynamos and motors, with a total 
poww capadty of 311000 kW, making an afVerayie of about 22 kW. In the 
case of cable production, prac^calJy all the needs of the Russian market were 
covered by the output of me^orks named. 



METCALF AND MORDUCH : ELECTRIFICATroN SCHEMES IN RUSSIA. 933 

---iN-—^-—— r: :-““ 


Siemens-Schuckert wprks in Petrograd, employing about 
1 000 hands. 

B. Cable worhs ^—^Union Cable works in Petrograd. 

Kolchoogftio Cable works north of Moscow. Russian 
Cable and Rolling Mill Co. in Moscow (associated with 
the Russian Dynamo Co. gpd the B.T.H. Co. in England). 
Shamshin and Alexieff In Moscoy^. • ’ ^ 

C. Power supply .—The power supply in Russia before 
the war was in*a very unsatisfactory state, the demand 
being met chiefly by a number of small stations which 
were €or .the most part privately owned. 

D. Industrial application .—Electricity was not em¬ 
ployed to a great extent in the Russian factories. Only 
some of the larger works had their machinery elec¬ 
trically driven, but even in these works the electric 
drive was far from being universally adopted. 


4. Erection of New Power Stations. 

The main idea underlying the plan for erection of 
tliese stations is their development parallel to the 



growth of the load. The electric load on the power 
stations hais been steadily increasing since 1919-20, 
when it reached its minitnum. At present *the lighting 
load, having almost reached (on the average) its pre¬ 
war magnitude, will henceforth continue to grow rather 
slowly. On the other hand, the power load is a® yet 
very much below its pre-Var value, but is incrcjgis&.g and 
is expected to contiiiue*to grow rather rapidly. Accord¬ 
ingly, the stations are designed! to*deal with these exist- 
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ing and prospective loads. The shaded part of Fig. 2 
represents the area within which the s|ations are to be 
erected. It will be seen from this map that Siberia 
has been left out of this scheme altogsther, but IJiat the 
electrification of European Russia •is planned on a 
fairly extensive scale. The aggregate power capaci*Py of 
these stations is under 2 000 000 kW, which is a com¬ 
paratively modest figurCj^part^ularly so, if it is remem¬ 
bered that this aggregate will be reached only towards ^ 
1936. The whole of the electrification work will be 
divided into districts, viz. Petrograd, Moscow (Central 
Industrial), South-West, Ural, Caucasus, Donee Basin, 
Volga and Turkestan. 

The following are some of th^stations to be erected :— 

A. Hydro-electric stations. 

Volchov. —^Th6 ultimate capacity of this station is to 
be 200 000 h.p. • 

Svir. —^Three power stations are to be erected, of a 
total capacity of 600 000 h.p. • 

Dneipr. —^The maximum output of the proposed 
Dneipr station is to be 330 000 kW. 

Water-power stations in Turkestan. — h. 7 600-kW 
station at Troizkoe and a 27.000-kW station ^on 
the River Tchirtchik. 

Vral. — (a) Tchoosavaia, 4 280 000 h.p. available. 

(&) A canal contemplated between the Rivers 
Kama and Tobol would furnish a con¬ 
siderable amount of water power in the 
locks. 

Caucasus. —Both on the Gokteha Lake and on the 
River Terek, 120 000 h.p. are available. 

B. Power stations working on fuel. 

Utkina Zavod. —^A power station near IJptrograd to 
be worked mainly on peat. The maxinium output 
is to be 30 000 kW. 

Shatura. —This station is situated abouik 70 miles 
• south of Moscow. The ultimate capacity of the 
station will be 60 000 kW. Tliis was one of the 
first stations to be built, and is one of the largest 
worked on peat. 

Summary. —^Thirty central stations are to be erected, 
with a total power capacity of 1 740 000 kW. ' This 
means an average capacity per station of about 60 000 

kW. • . 

The maximum individual capacity of any one station 
(the water-power station on the River Dneipr) wifi be 
300 000 kW. 

The stations may be classified as follows :— 

A. Water power.—-T&o. stations, total capacity 64Q 000 

kW. 

B. Fuel. —Twenty stations, total capacity 1000 000 kW 

{a) Coal: ten stations, total capacity .. 540 000 kW 
(6) Oil: two stations, total capacity .. 70 000 kW 

(c) Peat: four stations, total capacity .. 210 000 kW ^ 

[d) Mixed fuel: four stations, total capacity 180 000 kW 

These stations are to be completed and their ultimate 
Rapacity is to be reached jDefdje 1936. ^ 
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^ 6. Railway Electrification. 

The lines puf down for electrification before the war 
were the following (see Fig. 3):— 

ft • # • 

^ pL) Petrograd-Oranienbaum in the north-west. The 
scheme included one power house, somewhere midway 


and the distribution being direct current at 1 600 volts. 
Here, again, the war stopped the work. 

(3) A scheme for an underground railway m Moscow, 
connecting all the main-line terminals (seven m number) 
and the business centre of the town was seriously con¬ 
sidered. The principal advantage of this scheme was 



between Petrograd (Baltic station) and Oranienbaum, 
and two cubstations at the above places. The project 
was quite completed and contracts were already placed, 
a considerable'part coming to this country. The war, 
however, prevehted the carrying out of this scheme. 

- - (2) Plans on a larger scale and of greater importance 
were made in connection with the Moscow district; 
there the work had b|en seriously started on a section 
of the Moscow-Kazan railway about 40 miles long, the 
. tj:anSmis:^on system beiilg 11000 volts, three-ghase^, 


the possibility of running the main-line trains ffrom one 
terminus to another right through the city. 

(4) Other^ more indefinite schemes existed for the 
electrification of lines from Moscow to Kursk, down 
south through tiie Crimea, as far as Tsaritzino; the 
Sevijpaia line (up north) and the Alexander line (to 
Warsaw) as far as Golitzino. Pn all jhese lines it was 
the inteiftion to electrify compjaxatively short sectors 
to begin witix. ^ • 

pther schemes nn^^xisteivce were the coastal railway 
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i.i the Crimea from Sebastopol to Yalta, aad a series 
of mineral railways in the Caucasus, viz. Armavir- 
Tuapse ; Saramis-^Karaklis ; Quiriky-Michailovo ; and 
Vladikavklz-Tiftis. Up to the present, however, 
nothing has been done to further these schemes. 

This inactivity is tempqjrary and is entirely governed 
by considerations of at economic ^naturj. It seems, 
however, that the eventual electrification of the railways 
will proceed aloatg lines quite different from those adopted 
in the main scheme, which has been briefiy outlined 
in thb preceding paragraphs. There, the immediate 
.object v^s the long main-line electrification. The 
present schemes put forward are concerned, not with 
the main-line electrification, but with the electrification 
of railways according to a district basis. As soon as 
ithe erection of the power stations has been started in 
certain districts, it is suggested that the electrification 
of the railways in these*districts will achieve two objects 
at the same time, viz. provide the stations with a load, 
ag;id enable the railways to obtain sufficient power for 
their present needs. 

It is suggested that the electrification of railways 
should take place in three districts, viz. Moscow, Petro- 
grad and^onec,,the railways near Moscow being in a 
particularly favourable position because of the close 
proximity of theit power stations. Four very powerful 
stations, viz. the Electro Transmission, tlie Moscow, 
the Kashira *and the Shatura stations could supply 
energy for tfiese railways. These four stations will 
towards 1930 have a total capacity of not less than about 
200 000 kW, and thfi following network «f railways 
could be supplied from them :— • 

Moscow-Tula. Moscow-Riazan 

Moscow-Kashira Moscow-Vlagimir 

Moscow—Shatura Moscow—Pushkino 

and the Moscow Circle Railway (see Fig. 4). 

The total mileage of the last-named is about 700 
miles, talcing into account the 140 miles of suburban 
railways. It is suggested that towards 1930 these 
railways could take, 50 000 kW, but with fjirther develop¬ 
ment they would Squire up to 200 000 kW, by which 
time it is hoped that the power (j^acity of the statiohs 
will be increased fitorrespondingly. The erection of 
several other stations near Moscow will allow of an 
expansion v>f the electrified area. The financial sixain 
of such a scheme on the State is much lighter than w5uld 
be that of long-line electrification, since in district 
electrification the whole work can ^)e spread over a 


long period and need not necessarily be completed* at 
once. If 80 to 100 miles of lines be ej^ctrified yearly, 
the whole electrification of the Moscow district would 
be completed by 1933 and would inyolye an expenditure 
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Fig. 4.—^Railway electrification of Moscov^ 


of about £4 000 000; in other words, a yearly expendi¬ 
ture of, say, half a million sterling. 


Conclusion. 

An attempt has been made to give an outline of 
Russian economics with special reference to the question 
of electrification, and of the present state and existing 
tendencies of electrical developments. There seems 
to be an enormous amount of work to be done in Russia, 
and no doubt this will be accomplished sooner or later. 

The Russian industry is not at present capable of 
satisfying all. the demands of the Russian market. 
However rapidly the industry grows, for a considerable 
time to come a large proportion of the electrical require¬ 
ments of Russia will have to be imported into Jhe country. 
Apart from that, a tremendous amount of purely techni¬ 
cal work will have to be done inside Russia, and this 
will require the services of a considerable number of 
technically trained engineers, far in excess of those to 
be found in that country. 

The British electrical industry has definitely become 
an exporting one, and its future success will greatly 
depend upon the volume of such work. The interest 
in foreign markets should, therefore, be a natural one 
to those concerned with this industry. • 

The possibilities to be found in Russia should be of 
overwhelming interest to British electsical engineers, 
and if such interest has been stimulated by this paper 
the authors will feel that it has served its purpose. 
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Preface. 

The difficulty of carrying out suitable tests on var¬ 
nishes to determine whether they are satisfactory for 
•'Use in electrical machinery has been experienced by 

• The Pepers Committee iuvlte written communications (with a view to 
publication in the Jottmal if apnpved by the Committee) on papers published 
in the Journal witlmut being xeau a9a meeting. Communications should reach 
the Sectary of tiie Institution not later than one month after publication of 
the paper to Ohich they relate. * ‘ 


those who have attempted such investigations. These 
Directions have been developed with a view to the 
study of the more important properties of varnishes 
intended for electrical insulating purposes. 

In view of the need for this •Publication it has been 
dedded to issue it ih its present form, although the 
most satisfactory methodic for carrying out certain of 
the tests have not been settled. ^ 

It is hoped that all those who have occasion to test^ 
electrical insulating varnishes will adopt the methods 
suggested herein, 9o that results obtained by" different 
investigators may be strictly comparable, and that’ thfe 
essential characteristics of this dass of varnishes may 
be determined. 

The Director of the E.R.A. will welcojne comments 
and critidsm from those who use this Publication. 

• I. INTRODUCTION. 

• r 

The tests described herein are intended for varmshes, 
etc., that are applied by brushing, dipping or spraying, 
and are primarily employed for the purpose of providing 
electrical insulation. 

In the dauses describing the methods of test the 
term ** varnish ” indudes paint, enainel, binder and 
impregnating material. 

• 

n. DEFINITIONS. 

. 1. Insujlating Varnish. 

* • 

The term ** insulating varnish ** denotes a liquid that 
yields on drying a protective insulating film. 

(if) Spirit varnish. 

The term spirit varnishdenotes a liquid made 
with a base of resifi or gum dissolved in a spirit, drying 
only by the evaporatioi^of the solvent relatively quickly 
at atmospheric temperature, and yielding a protective 
insulating film. 

Note.— A lacquer is a thin, quick-drying protective 
varnish, and is generally applied to a metal sihrface. 

(6) Oil varnish. 

The term’* oil varmsh” denotes a drying oil, gener¬ 
ally with resin or gum, that 3 delds on drying a protective 
insulating film. 

2. Paint* 

The term ** paint denotes d mixture of pigment 
with a liquid vehicle^* 
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{a) Oil paint. 

Th term oil paint ” denotes a mixture of pigment 
with a dr^ng oil? 

(5) Enamel paint or enamel. 

The term “ enamel paint ** or enamel ** denotes a 
mixture of pigment midi a varnish# 

Note.—A n enamel generally contains *less pigment 
than an oil paint. 


11. Flash Point. • 

The closed flash point shall be dejprmined in the 

Abel or the Pen^y-Martens apparatus. 

12. Fire Point. 

The fixe point sha ll be determined* as specified in the 
American Society for Tesimg Materials (A.S.T.M. 
Method D92-’21T, Tentative Standards 1922). 


3. Pigment. 

The t®rm ** pigment denotes the fine solid particles 
used in The preparation of paint, and substantially 
insoluble in the vehicle. 

4. Bituminous I^namel. 

The term " bituminous enamel—stoving or air- 
drying—denotes a liquid made with a bituminous base 
that yields on dr 3 dng a smqpth protective film. 

• This class of (fnamel contains no pigment. 

Note.— The term “ japan has been discarded in 
view of the confusion existing in the use of this term. 

• • 

* Binder OR Bond. . 

The term '' bijider ** or bond ” denotes any sub¬ 
stance employed as an adhesive between the several 
layers of built-up laminated insulating material. 

• 

6. Impregnating Material. 

The term “ impregwting material denoj^s any sub¬ 
stance employed to^ impregnate the int^tices of a 
porous mass of winding or insulation. 

7. Base. 

The term ''base*' denotes the film-producing or 
impregnating substance froni which the materials 
defined above are made. The base remains behind or 
undergoes some physical and/or chemical change after 
the volatile constituent, if any, has disappeared. 

8. •Volatile Thinner. * 

The term ** volatile* thinner*"' denotes the liqtfid 
employed to reduqe the viscosity of the materials 
defined above. 

• in. TESTS. # 

9. Specific Gravity. 

The specific gravity at 20® C., referred to water at 
the same temperature, shall bt^ determined either by 
a standard pyknometer specific gravity bottle, specific 
gravity balance, or hydrometer. AIL usual precautions 
as to standardization of vessels shall be adopted by 
checldnl against distilled water. The temperature of 
the varnish shall be between 16® C. and 26® C. when 
tested, and the specific gravity shall be corrected to 
20® C. 

10. Viscosity. • 

The viscosity shall be determined at a tempertiture 
of 20® C. in accordance with the British Standard 
Method for the determination of*Viscosity in Absolute 
Units, British Standard Specification No. 188. 


13. Drying. 

[a) Drying of surface film. 

The test shall be carried out on either Japanese 
Gampi tissue paper approxinfktely 1 mil thick, or on 
sheet copper or brass about 6 mils thick. Tfie dimen¬ 
sions of the specimen shall be approximately^ 8 inches 
long and 6 inches wide. 

(i) Preparation of specimens. 

The density of the varnish to be employed for J:he 
dr 3 dng test shall be so adjusted by trial with the thinner 
recommended by the varnish manufacturer that the 
thickness of the varnish film on each side of the paper 
or metal sheet shall be not less than 3 mils, and not 
more than 3*5'mils, in the vicinity of the centre of 
the specimen. 

To obtain the required thickness of film the varnish 
shall be diluted with the solvent recommended by the 
varnish manufacturer, and the paper or metal shall be 
varnished as follows:— 

To determine the correct density of the varnish, 
strips of paper or metal shall be dipped in samples of 
diluted varnish containing amounts of thinner ranging 
from 6 per cent to 60 per cent (by volume). After 
draining for 30 minutes at room temperature, approxi¬ 
mately 20® C., the specimen shall be dried *as specified 
in (ii) below. Each specimen shall tlien *be dipped 
again in varnish of the same density as befoje, drained 
for 30 minutes at room temperature, and dried as 
specified in (ii) below. During the draining, care shall 
be taken that the specimens remain stationary. When 
being dipped, drained and dried the second time the 
specimens shall be suspended in the opposite direction 
to that employed for the first film. The depth of the 
varnish in which the specimen is dipped shall be aboyt 
I inch, and the specimen shall be immersed completely 
for approximately 1 minute, care being t§ken to remove 
all froth. The specimen shall be drawn through the 
varnish at the same rate as the excess of vanish slips 
from the surface of the specimen. ^ • 

Note. —If none of the specimens is of the specified 
thidcness, the required density of the varnish may be 
obtained by interpolation. ^ 

(ii) Method of drying. , ^ 

Six specimens coated with air-drying vamislr shall 
be dried in free air at a temperature from 20® C. to 

26® C. . . . ^ 

Six specimens shall be dipped in baking varmsh as 
specified in (i) above and allowed to drain for 30 minutes 
at room temperature, approximately 20® C., and then 
dried in an oven heated externfilly at a temperature 
Jrom 96® C. to 100® C., uqjess.the varnish mai^ifacturer. 
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redbinnioiids a higher temperature. The air content of 
the oven shall be changed completely not less than 
thiee times pe? hour. After the first coat has been 
dried fiie specin^^en^ shall be removed from the oven 
and allowed to c#ol to air temperature, appro^mately 
Sb^C.; they shall then be dipped a second time and 
drained and dried as before. When being dipped, 
drained and dried the second time the specimens shall 
be suspended in the opposite iirection to that employed 
for the first film. 

The first specimen shall be tested as specified in (iii) 
below, 30 minutes before the expiration of the time 
stated by the varnish manufacturer, and thereafter 
further specimens shall t>e tested similarly at intervals 
of 10 minutes. 

(iii) T4ine of drying. 

The varnish shall be considered dry when a (Ocular 
piece offNo. 4 Whatman filter paper If inch diameter 
does not adhere to the varnish when it is pressed on 
thS surface of the varnish for one minute by a cylin¬ 
drical weight of one pound, one inch in diameter. 
The filter paper shall be applied in the vicinity of the 
ce^^tre of the specimen. The test shall be earned out 
at a temperature from 16® C. to 26® C. 

(6) Drying throughout a mass of winding. 

The test to determine the drying property of a varnish 
throughout a mass of winding shall be carried out on 
coils of double cotton covered copper wire. The coil 
employed for the test shall be of circular section, 
approximately 2 inches internal diameter and 2 inches 
long. The coil shall be wound with wire 0*036 inch 
diameter, double cotton covered, and the depth of the 
winding shall be approximately \ inch. 

The time required for the varnish to dry satisfac¬ 
torily shaJJ be determined as follows:— 

Several specimen coils shall be provided which shall 
be fhoroufMy dried in a hot vacuum oven and immedi¬ 
ately immersed for ten minutes in a bath of the varnish 
at the density recommended by the manufacturer, or 
other trial density. After draining, the coils ^all be 
baked at different temperatures and for different periods 
of time, the varnish maker*s recommendations being 
as an initial guide. When cold, the coils shall 
bfe sawn through and the several layers ^d turns 
separated. The baking conditions necessary to obtain 
effective adheSion between the cotton covered wires 
thr^iughout the mass of the winding shall be recorded. 
• 

• • 14. Electric Strength. 

The electric strength test shall be carried out on 
either varnished Japanese Gaimpi tissue paper or var¬ 
nished sheet copper or brass. The paper employed 
for the te|t shall be approximately 1 mil thick and the 
meta>sheet about 6 mils thick. 

The paper or metal sheet shall be varnished and 
dried as specified in Clause 13 (a). 

Sufficient specimens shall be varnished to enable ten 
tests to be earned out at each of the temperatures given 
below, , 

The electric str ngife. ifeests shall be carried, out at a 
temperate from 20® C, tp 26® C. mid at a temperature 


from 90® C. to 96® C. within 24 hours of the com¬ 
pletion of the drying of the second coat of varnish. 

The electrodes shall make contact^ with the varnish 
in the vicinity of the centr e of the specimeir 

The potential difference shall be raised from zero, in 
steps of not more than 260 volts, at the rate of 30 kilo¬ 
volts per minute until breakdown occurs. r 

In other inspects tfie electric strength test shall be 
carried out in accordance with Techmeal Publication 
Ref. L/S2, Tentative Directions for the Determina¬ 
tion of the Electric Strength of Solid Dielectrics, except 
where otherwise specified in this Clause. 

In each test the thickness of the varnish ulm shall 
be determined from the mean of three measurements 
of thickness taken as close to the point of puncture as 
practicable. 

The puncture voltage, the ^ total thickness of the 
specimen and the net thickness of the varnish film 
shall be stated for eact of the ten tests at each temp^a- 
ture, aiid the maximum, Ainimum and mean values of 
the volts per mil of the varnish film ^all be given. 

* (f 

Ifi.^WATERPROOF TESTS. “ ^ 

The waterproof properties of the#varnish shall be 
determined by the following tests :—^ 

(а) Resistance to moisture. 

The ability of the varnish to resist mofsture shall be 
determined by carrying out the electric ^strength test 
specified in Clause 14 after the specimen has been sub¬ 
jected to • an approximately saturated atmospher 
(relative huiuidity not less than 96? per cent) for 3 days. 
The electric strength test shall be carried out whilst 
the specimen is in the moist atmosphere at a temperature 
from 20® C. to 26® C. 

(б) Wafer permeability test. 

This test shall be earned out as follows:— 

A dean smooth copper or brass sheet approximately 
10 inches square and 5 mils thidr shall be coated on 
one side only either by spraying or pouring the varnish 
over the sheet.« The density and viscosity of the varnish 
shall be adjusted in accordance with conditions specified 
by the varnish maker! 

The thickness of the film shall be ilieasured at 20 points 
equally spaced over the area of the sheet. The thickness 
at %ay point shall not vary from the meaif value by 
more than 1 mil, and the mean value shall be taken 
as the thickness qf the varnish film. In each quarter 
of the sheet a ring oLwax approximately 2| inches 
internal diameter and J inch deep shall be made on th 
varnish. The four rings shall be filled with distilled 
water and left for* a period* of 24 hours. The water 
shall then be removed as far as possible with a^pipette,. 
the remainder being absorbed by blotting paper or 
^irnilar material. The sheet shall be left for 6 minutes 
to dry off at a temperature from 20® C. to 26® C. The 
electric strengtS of the va^sh shall then be determined' 
at two positions m each quarter of the sheet, one inside 
the ^g of wax and the other outride, but as dose to 
the ring possible, care being^taken that the vaniish 
surface on which the electrode isr placed is entirely firee 
from wax, ^ * 
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The upper electrode shall be a solid cylinder of brass 

inches long and inches diameter. The electric 
strength test shall be carried out at a temperature from 
20° C. to 25° C. -The electric strength test shall be 
carried ou^ in Accordance with Technical Publication 
Ref. L/S2, Tentative Directions for the Determination 
of the Electric Strength* of Solid Dielectrics, except 
where cTtherwise specified in thisjSlaAise. 

Comparison shall be made between the mean values 
of the four puhcture voltages inside and outside the 
rings respectively, and the percentage decrease computed 
on the m'ean outside value shall be stated. 

16. Ageing. 

The ageing test shall be carried out on Japanese 
Gampi tissue paper on specimens varnished and dried 
as specified in Clause 13 (<j). After removing not less 
than inch from one edge, six strips ‘each f inch wide 
shall be cut from that edge. 

The strips shall be placed #n a uniformly heated oven 
at a temperatur? from 100 ° C. to 105° C. A strip shall 
•^be removed at the end of 50, 100, 200, 300, 400 and 
500 hours respectively and shall be tested at room 
temperatwre, approximately 20 “C.,\s specified below, 
between half-an-hour and one hour after removal from 
the oven. 

Each strip shall be bent double under a weight of 
one pound, the dimensions of the base of which shall 
be 1 inch sc^uare, 0 .nd the effect on the varnish at 
the bend shall be noted. The number of hours that 
the varnish has been Jaeated when it first C 3 ;:acks in the 
bending test shall be stated. 

17. Effects of Acids and Alkalies. 

The ability of the varnish to withstand acids and 
alkalies shall be determined at a temperature between 
16° C. and 25° C. by the following tests :— 

(a) A number of copper rods each approximately 
J inch diameter and about 6 inches long, ^ne end 
being rounded and the other having a suitable terminal, 
shall be brightly burnished, washed clean with dilute 
alcohol and then dried in warm air; whilst still warm 
they shall be dipped darefully •without agitation ifito 
the varnish and dr^ed as specified in Clause 13 (a). 

When dry the rounded end of each rod shall be coated 
with para^ffin wax to a distance of approximately 2 cm. 

A zinc rod, such as is used in Leclanche batteries, 
shall be well amalgamated with mercury, and immersed 
centrally into a vessel containing an^queous solution of 
sulphuric acid, specific gravity 182 at 15°/4° C. (25 per 
cent by weight of H 2 SO 4 ); the lower end of the 2 :inc rod 
shall dip into a small cup containing mercury (to 
maintain the amalgamafion), whilst the copper rods 
shall b^ spaced round the zinc rod at a radius of 5 cm. 
The zinc rod shall be connected to one terminal of a 
millivoltmeter, while each of the copper rods shall be 
successively connected up and the potential difference 
noted. 

The millivoltmeter used shall have a range of^ 1 600 
millivolts and a resistance of 60 ohms (plus qr minus 
10 per cent) at 20° C.^ If an instrument of Ibwer resis^ 
tance be used, then a resistance sjiall be inserted in series 


to make'’ iSp the difference, and the readings multiplied 
by a correction factor to give the millivolts across the 
instrument and external resistance. an instrument 
of higher resistance be used it shall be shunted with a 
suitable resistance. 

It is important that no difference of potential ip 
indicated at the commencement, and should any occur 
the rod shall be rejected and a fresh one put in its place. 
The rods shall be tested-evefy hour for the first few 
hours to study the effect, and then at intervals of 6 , 
12 or 24 hours. 

(&) The varnish shall be tested as described in (<?) 
except that the solution in which the rods are immersed 
shall be a 10 per cent solution of caustic soda (NaOH) 
prepared with distilled water(specific gravity equals 
1-13). 

(c) A standard Soxhlet thimble, approximately 2 cm 
by 8 cm (as made by Whatman, or similar thimble) 
shall be coated with two coats of the varnish lyider test 
either by dipping or brushing and shall then be dried 
in accordance with Clause 13 (a). It shall be filled to 
within ^ inch of the top of the varnish film with a 10 per 
cent solution of caustic soda (NaOH). It shall be then 
supported by suitable means in a freshly prepared 
solution of phenol phthalein in distilled water, dipj^mg 
to the same level as the alkali inside. The time expressed 
in minutes taken for the solution in the immediate 
vicinity of the thimble to turn pink in colour due to 
the alkali shall be noted. 

(d) The following tests shall be carried out on sheet 
copper specimens about 5 mils thick and J inch wide. 
The specimens shall be varnished and dried as specified 
in Clause {a). 

The specimens shall be immersed in the reagents 
given below at a temperature from 16° C. to 25° C. for 
approximately 16 hours, and suspended in^an air oven 
at atmospheric temperature for the remainder of the 
24 hours. This procedure shall be carried ^out for six 
days consecutively, and the effect of the i^agents on 
the varnish shall be stated. 

Reagents : 

Sulphuric acid, specific gravity 1 ’ 4. - 

Hydrochloric acid, specific gravity !• 1. 

Nitric acid, 5 per cent solution. 

Picric acid, 2 • 5 per cent aqueous solution. 

Amnionia (0*88), 10 per cent solution. 

Mixture of ammonium chloride aqid sulphate, a 
saturated aqueous solution. 

Caustic soda, specific gravity 1-13 (10 per''cent 
NaOH). 

18. Effect of Oil, 

Tiie ability of the varnish to withstand hot oil^ shall 
be determined by the following tests:— 

(a) Specimens of Rope paper shall be varnished and 
dried as specified in Clause 13 (a). The paper ^all be 
in accordance with the Rope paper defined in Technical 
Publication Ref. A/S 5, Directions for the Study of 
Electrical Insulating Papers (Unvarnished) for Purposes 
other than the Manufacture of Cables.* 

The effect of oil on the varnish shall be determined 

♦ Journal I.E.E,, 1923, vol. 61, p. 982. 
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by immersing a number of varnished specim^ills in the mersed for a minimum period of 6 to 10 minutes or until 
oils specified below at a temperature from 115® C. to such time as all bubbling ceases. It shall then be 


120® C. The SQpdmens shall be examined at intervals, 
and th period required for the varnish to be affected 
by th^5 oils shall he determined. The effect on the 
^mish shall be Stated, for example, by the formation 
of sludge on the varnish. 

(i) Transformer oil complying with B.S.S. No. 148— 

1923 for light grade oil. • ^ 

(ii) Lubricating oil, which ^hall consist of a mineral 
oil with 20 per cent of blown rape oil, and shall comply 
with the following specification:— 

Specific gravity at 60® F. 0-92 (approximately). 
(15‘6®C.) 4 

Closed ilq^sli point Not less than 370® F. 

(188® C.). 

Viscosity (time of outflow 76 seconds at 200® F. 

of 50 cm^ in Redwood (93® C.); 38 seconds at 
visconteter) 300® F. (149 ®C.). 

Acidity, calculated as oleic Not more than 1 per cent, 
^cid 

1.0SS in 2 hours at 212® F. Not more than 0-3 per 
(100® C.) (determined cent, 

described below) 

The oil shall be free from mineral acid. 

The loss at 212® F. (100® C.) shall be determined by 
heating 9 grammes of oil in a flat-bottomed porcelain 
(lislx approximately 2J inches diameter and f inch deep. 

(b) The test for the effect of oil shall be carried out 
on a coil of cotton covered copper wire. The coil 
employed for the test shall be of circular section approxi¬ 
mately two inches internal diameter and two inches 
long. The coil shall be wound with wire 0«036 inch 
diameter double cotton covered, and the depth of the 
winding shall be approximately ^ inch. Before the 
application ^of varnish to the coil, it shall be dried for 
.six hours fii an oven at a temperature from 95® C. to 
1002 C. 'l^tie coil shall then, whilst still hot, be dipped 
in the varni.sh tinder test, and allowed to remain im- 


removed from the varnish, allowed to drain, and placed 
in a drying oven for 18 hours at a t^per^fture from 
96® C. to 100® C., unless the varnish manufacturer 
recommends a higher temperature. The coil shall then 
be again dipped for a further period of about five 
minutes, and^the drying operation carried out as before. 

The effect of oil on the varnish shall be determined 
by immersing coils in the oils specified in (a). The 
test shall be carried out as specified in (a), and the 
effect on the varnish shall be stated, for example, by 
the formation of sludge on the varnish and bjf the loss 
of adhesion between the turns of the coil. 

19. Effect of Varnish upon Copper. 

Note. —Electrical insulating, varnishes, other than 
those of the synthetic resin t^^pe, usually contain 
organic acids. 

The ordinary tests for adfdity do not^umish sufficient 
information to determine whether a varnish is likely to 
have an injurious'* effect on copper. ^ 

This subject is ujder consideration with a view to the 
development of a suitable test. ^ ^ 

20. Effect of Corona Discharge. 

Note.—A test to determine the effect of corona 
. discharge on varnish is under consideraticn. 

•21. Effect of P3xpdi:jcer Gas. 

Note. —test to determine tEe ^ect of producer 
and similar gases on varnish is . under consideration. 

22. Permanence of Coloured Enamels (used for 
Marking and not for Insulating Purposes). 

Note.— A n investigation is in hand with a view to 
th devdopment of suitable tests. 
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INDUCTIVE INTERFERENCE WITH COMMUNICATION ClflCUITS*.* 

By.Dt. Alexander Russell, F.R.S,, President. 


[Paper received August, 1924.) 


Summary. 


The Baper discusses interference between power circuits 
and tele^aph and telephone circuits. A distinction is made 
between ” radiation “ and ** induction.** The former cause 
produces both electric and magnetic effects and is used in 
radio-telegraphy. The conductivity of the ea^, which is 
not a homogeneous body, should be taken into account. 
Experiment, however, shows that in radio work we can 
get approximate solutions by assuming that the earth is a 
non-conductor and-that its inductivity is unity. Making 
this assumption, ^ is shown thS.t the intensity of the ^ radia¬ 
tion ** field in simple cases falls off inversely as the distance 
and inversely as the wave-length. On this assumption also 
the intensity of the induction field, whether electrostatic 
or electrViagnetic, obeys this law ii a few cases. It is 
’pointed out that* a balanced three-phase system produces 
both electric and magnetic rotary fields in its neighbourhood, 
the amplitudes ol which fall off according to the inverse 
squafb of the distance. A three-phase four-wire system, how¬ 
ever, may produce serious interference with telephone systems 
even when tfie phases are balanced. In an appendix an 
easy method of finding the numerical value of the mutual 
capacity coefficient befivejn two spheres is giv$n. 


When the Secretary of the London Students* Section 
asked me to give an address to the Section I felt that 
it was my duty to do so \ but I also felt that I should 
be free to choose the subjecj for the address. It is 
expected on these occasions that the President should 
give some useful advice to those on the threshold of 
the profession. Last year on a very similar* occasion 
it was put very bluntly to me. The Students wanted 
to know how be^ they could utilize ifl the industrial 
world the knowledge •they h^d acquired in college. 
Paraphrased slightly, I took this to mean: What is 
the easiest way of ^getting a well-paid job ? Although 
I ventured to say something in this connection last 
year witfi the object of interesting my audience, I 
thought that on this occasion I should say something 
with the object of interesting m^^self. Naturally I 
thought that some mathematical subject would be 
suitable, although from the eloquent silence of the 
secretary of the Students* Section I inferred that in his 
opinion it would not be ^ happy choice so far as my 
audience was concerned. I therefore sought for some 
mathematical subject which would have an immediate 
practical bearing on industry. I only chose the subject, 
however, last night after listening to ^vfiluable paper 
on Power Circuit Interference with Telegraphs and 
Telephones ** which was read t by Mr. S. C. Bartholomew 
before the Institution.^ It seemed to me that % talk 

* Part of this paper was given in an Address to the London Sftdents’ Section 
on the 11th April, 1924. * 

. t Joumai LE,E,, 1924, vol. 62, p. 817.* 


on the inductive interference of power circuits with 
communication circuits would be useful at the present 
time. There are many problems still to be solved 
which are of interest to th€^ mathematician and the 
experimentalist. In what follows I shall a^empt to 
give a survey of the problem from the mathematical 
point of view in the hope that some Students will amend 
some of the assumptions which it is necessary to make, 
and extend or perfect many of the theorems given. In 
this connection many useful formulae and some valuable 
data vnll be found in Eccles*s handbook on “ WirSless 
Telegraphy and Telephony.** 

So many young engineers are now radio experts 
that they naturally think that radiation from pqjver 
lines may be one of the causes of interference. Ra(hation 
has been defined as the moving disturbance in the 
ether, the energy connected with which does not return 
to the radiator. It is this disturbance which is con¬ 
sidered in modern radio-telegraphy. 

From the engineering point of view we may discuss 
radiation as follows: Consider a small electrified body 
O in infinite space and let it have an electric charge 
q. The potential v at a point P at a distance x from O 
is given by 


V =s 


( 1 ) 


X 


Now if q changes, v changes. But it is against all 
physical principles to assume that the cliange tak^ 
place instantaneously. We shall adopt Maxwell s 
theory, and suppose that the electric effects are propa¬ 
gated with the velocity u of light. We can suppo^, 
therefore, that there is a time-lag xfu between the 
var 3 ring charge q and the varying potential at the 
point P. If q follow the harmonic law, we can write 
g == Q sin wt, where (o = 2ttIT, T is the periodic time 
and t the number of seconds since the epoch of reckoning 
We shall make the supposition that the potential at P 
has the retarded value given by « 

. K2) 


t? = — sm 0)1 i-) . • • 

X \ u/ 


Mathematical reasons can be given for this supposition, 
but as it is the simplest that could be made we shall 

adopt it. . 

By definition, the electric force J?* at P in the dtrection 

OP is given by 
^ 

= ^ cos a>(« - -) sin 

we \ uJ x-* \ w/ 
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*If A be the wave-length of the disturbance in ittte ether, 
A = uT, o) = 27 rti/A and, therefore, 


F 



+ ® sina)^« —. 
ar \ u/ 


(3) 


'V^e see, therefore, that one effect of the finite velocity 
of propagation is to increase the value of jP by a term 
the amplitude of which i#27rQ^(Aaj). 

^ Formula (3) shows that the Electric force at P, which 
is in the direction OP, consists of two components. 
The first component has an amplitude 2ttQI(Xc). This 
is called the " radiation component. The second 
component has an amplitude Qlx^ and is called the 
component due to electric induction. When x is 
small corftpared with A the induction component is 
the more important. When a: = A, the first component 
is more -fhan six times greater than the second, and 
when X js large compared with A, the radiation 
(and not the ^'induction**) has to be considered. It 
is c;^stomary to consider only the radiation in radio 
theory, and when discussing interference troubles it is 
usual to consider only the inductive effects. It is 
well to bear in mind, however, that both effects are 
alwfiys in action when the electrification is varying. 

In what precedes we have only discussed the electric 
field. But if we had discussed the magnetic field of 
a small current element of length I and carrying a current 
I we should have found that the magnetic field H at 
a point on the equatorial plane at a distance x from the 
element was given by ♦ 



27rll 

-T— cos 0 ) 

AX 






(4) 


We see as before that the first term is due to radiation 
and the second to induction. From Maxwell's theory 
it follows fhat in the case of radiation the electric 
field ^is al^ys accompanied by a magnetic field, and 
vice versa. These fields can be regarded as aspects 
of the same phenomenon and are in a constant ratio 
to one another. The effects produced in the receiving 
aerial can be computed by considering either the electric 
or the magnetic component. Radiation, therefore, 
cannot be described as exclusively an electric or a 
, mr^gnetic phenomenon. Neglecting absorption and 
assuming a homogeneous dielectric and a non-conduct¬ 
ing earth we sqp that the electric and magnetic forces 
» fall off inversely as the distance and inversely as the 
wave-length. This has been roughly verified in certain 
ca§es by several experimenters. 

The iiiterference produced by low-frequency power 
Tsircuits in connection with telegraphy and telephony 
is mainly due to induction. In this case we have to 
distinguish between electric and magnetic induction, 
and both l^ave to be taken into account. It seems to 
me that power engineers lay too much stress .on magnetic 
induction, and telephone engineers on electric induction. 
In. practice both effects take place simultaneously. 
J'q calculate them it would be necessary to know.both 
the mutual electrostatic.and the mutu^ electromagnetic 
coefficients between various kinds of circuits. Several 

. ** J. H. Deilxtkcxr : Bisreau ^ St^aids, SoienUfic Papei; No. S54 (1919). 


of the latter coeffLcienfe are given in textbooks and 
are fairly eaisy to compute, but with the exception of 
the case of two spheres very little has been done towards 
calculating the mutual electrostatic coefficients of 
circuits. Personally I have tried tcf solve several 
problems of this nature, but with only partial success. 

It is only possible in this paper to give an introduction 
to a wide fiel^ which wants mathematical and 'experi¬ 
mental exploration, and to touch in a sketchy way on 
some of the problems that have to be^'^considered. I 
hope that some Students will be able to suggest better 
methods of attacking the problems. 

Before proceeding further we must face the^uestion 
of whether we are going to consider the earth as a 
conductor or as an insulator for electric currents. If 
we adopt the former assumption we shall be forcfed to 
make the further assumptions that it is a homogeneous 
conductor and that its conductivity remains constant. 
As a matter of fact we •know that it is a conductor. In 
certain cases its conductivjly in the neighbourhood of 
buried wires has been measured. Weeknow also tha^r 
when an alternating potential difference of constant ^ 
effective value is maintained* between a long insulated 
horizontal wire and the earth, the charging current 
varies from day to day and in certain# cases from hour 
to hour. It obviously depends on the amount 'of 
moisture on the surface of the earth. The earth there¬ 
fore must be considered as a heterogeneous conductor. 
This enormously increases the difficulty of getting 
accurate solutions. 

To enable us to get approximate solutions we must 
either consider the earth ter l5e an insulator the 
inductivity ^f which equals unity or that its surface 
may be considered to be a perfect conductor. If we 
suppose the small conductor O considered above to be 
at a distance H above a perfectly conducting plane, and 
if OP be parallel to the plane and very great compared 
with £r, then for the amphtude of the electric force F of 
radiation we have, by the method of electric images, 


_ ZttQ _ 


(approx.) 


Thfe radiation effect ^would, therefore, fall off with 
extreme rapidity, obeying the law pf the inverse cube 
of the distance. So far as radio communication is 
concerned, the assumption that the earth is aivinsulator 
lead^ to the *best results. We shall therefore adopt 
it in what follows. When we have obtained formulae 
assuming the earth to be an insulator, the corresponding 
formulae taking the eartiff as a perfect conductor can be 
written down at once by the method of images. 

We shall consider the electric and the magnetic forces 
separately. In pracbee they occur simultaneously, but 
if we attempted to give a complete solution sd many 
variables occur in it that the formula would be very 
complicated jnd therefore of little practical help. We 
shall first consider electrostatic induction. 


• .Electrostatic Induction, 

• 

Let us fttke the case of two insulated conductors A 
and B at a consideral&e distance aj^apart. Let vi, 
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and a, 32 the potentials of and the charges on A and 
B respectively. We see that 

• <^.*^+-;and«>2 = ^+ ^ • • (®) 

approximately, where is the ratio qilvi when 52 
is zer . Ki and are pra|pti^ally, ^erefore, the 
capacities of the conductors A and B respectively to 
earth. If the .conductors A and B were spheres, ellip¬ 
soids, rings, discs or thin rods the ordinary formulae show 
that* Ki and K 2 axe very minute compared with x, 
Solving^^S) for qi and we get 

x^Ki KiK^x 

- K1K2 ^ a^-KiKz 

= Kivi — Vf (very approx.) . . (6) 

• ^ 

and 32 = Ivery approx.) . . (7) 

»• 

Vhen Ki and JSj are very small compared with x. 

If Vi were given by JSJ sin oyt and the conductor B were 
earthed (^2 = 0), the current in Jiie earthing wire of 
B woulibe given by 


«2 ““ 


Tiq^ K 1 K 2 


Tit 


o)E cos cot 

X 

2'itKiK2U 


x\ 


- B cos cot 


( 8 ) 


’ Expression (9) proves at once that the equipotential 
surfaces round SH axe prolate spheroids the foci of 
which axe S and H. • 

When CP is very great, where C is the middle of SH, 
we can write SP = PH = CP Sn^ v = ff/CPt The 
problem thus reduces to the preceding case. e #> 

If SH = 2 a, CP = X ahd Z.SCP is aright angle so 
that P lies on the equatorial jplane, we have 

— - arc tanh - o - ■— 5 ; • • • 

The electric force J?* at P in the direction CP is given 
by 

q^ _ g_ 

()aj a? V {x^ + cfi) CP • 8P 

“ When P lies on HS produced, 

a , a ♦ 

^; = i arc tanh - 
a X 


and thus 


where u is the velocity of light and A is the wave-length 
of the radiation (o) = 2frm/A). • 

Hence the currerft induced in the earfiung wire of 
B when the potential of A varies according to the 
harmonic law, is proportional to Ki, to IC 2 and to the 
amplitude of the potential. It is also inversely pro¬ 
portional to X and A. 

Let us now consider a very«long and thin conducting 
prolate spheroid. The ellipsoid is considered so long 
and so thin that it is practically a wire, the fpci S and 
H of the elliptic sections being at its ends. The electri¬ 
fication of a conducting ellipsoid was % problem much 
studied by mathematicians 60 years ago as exact 
solutions were obtainatle, and hj.any curious properties 
came to light. For example, all ellipsoids confocal to 
the given ellipsoid were found to be equipotential 
surfaces «f the given ellipsoid. We suijpose th^ the 
prolate spheroid is so thin that it practically represents 
the line SH. It is known that if a wire conductor 
of this shape be electrified the charge on it per unit 
length of SH will be the same. ** It will therefore act like 
a wire having an electric charge uniformly distributed 

along it. * * . . n .. 

If q be the total charge on the prolate spheroid it 
can be^shown that the potential v at any point P is given 
exactly by 

« = ||arctaiihgp^*. • • W* 

which is a remarkably simple expression. 

* Those not famiUaT with in^e hyperbolic trigonometry mayeconv^ the 
Inverse tangent into Napierian logarithms or^into algebra by ^e formula 

arc tanh aJ»lloge7l + «)~> lost + 


F- - -s.(12) 

- Cp 2 - CS 2 • ^ ^ 

Formula (11) and (12) enable us to compute easily 
the electric force at points on the equatorial plane and 
along the polar axis. 

If the ends of a thin wire in the equatorial plane be 
at points where the potentials due to SH axe different, 
a current will obviously be induced in the thin wire 
by electric induction. Similarly a wire placed along 
the polar axis will have a current induced in it. * 

When the wire SH is long and the distance of a point 
P on the equatorial plane from C is not great, CP is 
practically equal to SP and so 




- (approx.) 


■ a X (CP) 

In this case also if P be on the polar axw 


F i 


(CP -h CS)(CP - CS) 


2a X (SP) 


(approx.) 


a point in Ae 
polar axis at 

parallel^wires 
of the CTOSS- 
q 2 and Vir V 2 
potentials of 
known that 


Thus the electric intensity is greater at 
equatorial plane than at a point on the 
the same distance from the wire. 

Let us now consider two infinitely long 
at a distance x apart. Let the radius 
section of each of them be a and let q^t 
be the charges per unit leng^ and the 
the wires respectively. In this case it is 

. q2 == ^22 ^2 + 

where ifc 22 and jfci 2 are constants called Maxwdl’s (SapacMy 
coefficients. The computation of the values of these 
constants is difficult, but when the wires are far apart 
it can be shown that 

• A. Russeli. t Proceedings of the Physical Society^ 1919, vol. 31, p. 123. • 

• * 
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Xhus if V 2 be zero and vi = E sm we 
current iu the earthing wire is given by 


c 


finS that the 


where is the area of the circle. In general, if A 2 
be the area of a small circuit with its plane in the same 
plane as the wire, then," whatever its shape. 






4 log (aj/a) 

ttuE 


coE cos (ot 


•COSOit . 


(13) 


2 X log (xia) 

As X is great compared withja, ^2 varies very slowly 
with X, 


(approx.) .... (i?) 

X 

Let us no'v?, suppBserthat we Tiave a paxalleF return 
wire in the same horizontal plane as the first wire and 
the circuit A^, and that the distance bet^veen the wires 
is c. Equation (17) now becomes 


Electromagnetic Induction. 

As a rule, students pay much more attention to 
electromagnetic inductioi>. than to electric induction. 
Problems in connection with magnetic induction Unldng 
circuits together are therefore much more familiar 
to them.* 

.Let ii be the current in the disturbing circuit and 
let X 12 lA the mutual induction between it and the 
disturbed circuit. Then we know that the disturbing 
E.IMP.F. induced in the latter is This E.M.F. 

depends on the factor L 12 ^ow the disturbing 

current varies with the time. 

14 we have a small current element of length li carrying 
a current the magnetic force ET at a point P in the 
plane bisecting the element at right angles will be 
in this plane and at right angles to the line joining P 
to the element. If x be the distance of P from the 
element we have, by Laplace's formula. 



Thus the magnetic flux cj) linked with a small conductor 
of length I 2 parallel to the element is given by 


<!> 



Hence if = I sin cot, the disturbing E.M.F. e' is 
given by 

. X 


Xx 


cos <ot 


(U) 


Thp disturbing E.M.F. therefore varies inversely as A 
and as i. 

Let us now consider an infinitely long horizontal 
wire carrying a current , If a plane circular circuit 
of radius r be in the same plane as the wire and if its 
centre be ajk a distance x from the wire, we know that 

Li2 = 4:7t{x -'\/{x^ -r^)} ^ . . ( 15 )* 

exactly. 

If X be large compared with r, then 

X 12 = — (approx.) . . . . (16) 

■ ♦ ^A. Russell ; " Altem^g Qiirents,” vol. 1, p. 63. 


= (approx.) 4^. (18) 

The effect now falls off inversely as the square of the 
distance. This formula may easily be generalized by 
theorems given in RuSseirs ** Alternating Currents, 
vol. 1, chap. 19. Let A 2 be the area of a small circuit 
of any shape with its ]^ane parallel to the wires and at 
a great distance x from th^m. If x makes an angle o 
with the plane of the wires, and the plSne of the smaK 
circuit makes an angle ^ with the same plane, we can 
easily show that ^ 

cos ( 26 -<!>)* . (19)- 

Let the values of x supposed drawn in a vertical 
plane perpendicular to the wires from tl^e mid-point 
between the two wires be plotted out so Jhat at their 
extremities the magnetic effects produced are the same 
(Xx2 constant). We have ^ 

• s= cos (20 ~ ^). 

Li2 

If we suppose that ^ is a constant (zero for instance) 
we see that the curve is a lemniscate. Radio engineers 
have a hankering after ^is curve in connection with 
the explanation of effects noticed in directive signalling. 

Let us next consider two small plane circuits of areas 
Ai and .4^ at a great distance x apart. If both circuits 
are in the same plane, we have 

. X 12 (approx.) . . . . (20) 

If they axe both vertical and opposite one another, 

• * las “ (approx.) . . , , . (21) 

In general, if the planes of the two circuits mahe angles 
01 and 02 with » and with x produced, respectively, we 
have 

{STsin 01 sin *02 + cos 0i cos 02 } (22) 

If 01 remain constant and 02 vary, the maximum value 
of Lxs is givep by 

Keeping^this valu“ of L 12 constant we get the polar 
equation t^ the curve of equal magnetic effect. Simi- 

* Notice tbat when tf> equals Sa, J 12 has its maiOmum value, and that It 
« vanishes when ^ = 2^ — iff. 
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laxly, if the planes of Ai and A 2 axe perpendicular to 
one another (O 2 = 0) we get 

ojS = sm 01 

and if L 12 is kept constant we get a new polar curve. 

• • 

• • 

Three-Phase Circuits. 

It is known that the electrostatic and electromagnetic 
helds round three-phase circuits sometimes cause 
interference. It is of importance therefore to consider 
them. *^et us suppose that the axes of the three con¬ 
ductors form the edges of an equilateral prism. Let 
also the edges be at a distance a from the central 
line of the prism. Suppose that the currents in the 
three conductors are I sin 1 sin {oit — 120®) and 
I sin {iot — 240®). Then if be the magnetic force at 
a point P at a great distance « from the central line 
of the prism, in the direction^f x, and T be the tangential 
force perpendici^lar to a?, we have,* approximately. 


it = sin (ci>< — 6) and T == —^ cos (ct>« — 0) . (23) 

Xr % X^ • 

• 

‘Thus the magnetic field at P is a rotary field, and 
therefore the induced E.M.F. in a small circuit whose 
plane is parallel to the edges of the prism is the same 
whatever angle it makes with x. 

If we had a single-phase circuit consisting of two 
parallel wires at a distance c apart, then the radial and 
tangential componeHits of the magnetic ^rce would, 
by (19), be given by^ ^ ^ 


_ 2cl sin mi . ^ ^ ^ 2cl sin mi ^ 

E =-5 sm 0 ; and T -3 cos tf 


(24) 


where I sin mi is the current in the wire and 0 is the 
angle that x makes with th® plane of the wires. If 
c = 1 • 6a it will be seen that the amplitude of the mag¬ 
netic effects produced would be the same ii^ the two 
cases. With single-phase circuits the fields are purely 
oscillatory. 

Similarly in tlie three-phase case if can be shown 
that the electrostatic fileld at distant point P is a 
rotating one, and j;hat the magnitude of the resultant 
electric force at P is ZaQjx^t where Q is the maximum 
value of Jhe electric charge per unit length on each of 
the three-phase conductors. If f is the® frequency of 
the alternating currents the angular velocities of the 
rotating electric and magnetic fields at P each equal 

^ • ft n 

When the three-phase system is connected in star 
and the star points are connected to another conductor 
we get a four-wire three-{>hase sysl^m. The disturbing 
effects «are now greatly increased. Let ii, 
be the cuitents in the three conductors. In this case 
^*3 is not necessarily zero, although the 
effective values of each of the currents ii>ay be the same. 
The tangential magnetic force at a j^omt P at a great 
distance x has therefore a component 


^(^1 ~l~ ^2 H~ ^*3) 

» • X ^ ' 

• m 

* A. Russell : ** Alterna|uig Cun 5 |nts,« vol. 1, p. 478. 


Similarly it has a component 

2(ii + ^2 + ^s) 

y . 

where y is the distance of P from the return“Conduftt#*r. 

If y = x + d, the tangential magnetic force T is 
approximately given by • 

• 

^ 2d (4 -h ^2 + ^3) 

•I — 

and the mutual induction between the four-wire system 
and a small horizontal circuit ^f area .^2 at P is given by 

^ 2dA2 

and the induced E.M.F. e' in this circuit is gi\*fen by 


+ + . . . m 

x^ ot 

Now it is known * that the frequencies of the Qpm- 
ponents into which the current (^i + ^2 + ^) 
divided are 3/, 9/, 16/, . . . 3(2n-h 1)/, ; • In 

practice, several of these, frequencies come withm tne 
range of audibility, and disturbing humming noises 
may ensue in neighbouring telephone circuits. 

In this case also the electric force at P will have high- 
frequency components, and these can produce serious 

interference. , ^ I. 

If the three-phase system be earthed at both enas 
the earth forms the fourth conductor and the inter¬ 
ference will probably be worse than if a fourth wire 
were used. In a three-wire three-phase system when 
one of the conductors is out of commissioi^ the system 
reduces to a single-phase system and so th^ effects can 
be computed in the way we used previously. 


Conclusion. 

It will be seen that we have only given approximate 
solutions for a few simple cases. Yet ff these solui^ns 
be compared with experimental results interesting ^ 
conclusions will probably be inferred. We want more 
experimental data on the effect of the ^conductivity ot 
the earth on induction. Seeing that this conductivity 
varies with moisture it should not be difficult to ge 

instructive results. . , . - 

We have not discussed the problem of whatnappens 
to a communication circuit when a current surge occura 
in a neighbouring power line. A definite amoun o 
electric power is transferred to the commimication 
circuit, and so possible damage may result. Q. Brauns T 
has stated that when the amount of energy exceeds 
the hundredth part of a volt-coulomb (joule) dangerous 
conditions may arise. It seems to me, however, a 
it must depend on the rate at which the energy ^is 
delivered. I can see no justification for a general 
theorem of this nature. 

♦ A. Russell : “ AltematingVurrents,’’ vol. 1, p. S70. 
t E.T.Z., 1920, vol. 41, p. 6P4. a 
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APPENDIX. 




The MuTUAL-Ci5>AciTY Coefficient of Two Spheres. 


If the radii of the spheres be a and 6, and c be the 
distance between their centres, it can e^ily be shown 
by Poisson^s method (Memoires de VInstitute 1812) that 


If w^have two^stilated conductors in infinite space 
ai^^eir charges per unit length are qi and q%, and their 
potentials vi and the following two equations hold:— 


qx = +^^ 12^2 

^and q 2 = ^22^2 -K*i 2 ^» 

where Aju, and A^2 sure geometrical constants which 
are difficult to calculate although sometimes easy to 
measure. These quantities are called capacity coeffi¬ 
cients and attempts haveJ:>een made for over a hundred 
years to ^^alculate them. Only in the case of two 
spheres have satisfactory solutions been found.* 

If we earth the second conductor = 0) then the 
cxurrent in the earthing wire is given by 

<)g2 




It' 


Hence the inductive interference depends on the value 
of hx 2 » which is called the mutual-capacity coefficient. 

^ A. Russell : Proceedings of the Roytd Society, 1920, vol. 97, p. 160. 


ah 

- + ^(^2_^2_62)2_a262} + ' ’' 

and many oAer formulae for &12 ^®®“ found. 

When c is great it will be seen that this value of % 
is in agreement with the formulae (6) and (7) given 
above. 

The quickest way of obtaining the numeri^l value 
of fci 2 is to utilize the following theorem * :— 

The mutual-induction coefficient between two spheres 
whose radii are o and h, the distance between their 
centres being 0 , equals the mutual-induction coefficient 
between two equal spheres the Radius of each of which 
is — (a — and *1^® distance between the 

centres of which is o{l — (a — b)^le^}. Tables for this 
case have been given by Kflvin (*‘ Repent,’ p. 96) and 
by A. Russell {Proceedings of the Royal Society, 1909, 
vol. 82. p. 629; and Journal I.EM., 1912, vol. 48, 
p. 267). , . r 

♦ See Proceedings of the Royal Society, 1920, vol. 07, p, 16G. 
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NOTE ON, POLYPHASE HIGH-FREQUENCY ALTERNATORS.* 

By f*rofessof Shigetaro Chiba, Associate Member. • 

** % 

* 

[Paper first received 21th February» and in fined form \^th April, 1924.) 


Section 1. 

Polyi^ase high-frequency alternators should find 
many practical applications. As an example, they 
might be employed with a group of antenrue for the 
purpose of directive transmission. Each phase of the 
alternator supplies a high-frequency current to one of 
the antennfB placed at a certain definite distance apart. 
For example, a three-phase alternator would be em¬ 
ployed for sup^ying high-iJequency currents to three 
antenme separated by a distance equal to JA. It is 
easily seen that the radiation from such a set of antennae 
has a cUrective characteristic ; in^ one direction the 
radiatioif will be^very strong, while in others it will be 
feeble. The interchanging of any two of the three 
phases in such a set will permit of sending in the opposite 
direction. 

It is well kTiown that, in the ordinary type of machines 
for a given ^eed and voltage, polyphase machines can 
develop a greater output than single-phase machines 
of the same size, the* rqjctson being that tjie armature 
periphery is better ^itilized. Also for high-frequency | 
alternators, when the tooth widths in the stator and the 
rotor are suitably chosen so as to bear a certain relation 
to each other, we arrive at the conclusion that the 
utilization of the armature or stator periphery is 
inhtircntly far better in polypjiase than in single-phase 
machines. This is shown in the calculations given 
below. 

Let us take the case of a homopolax high-fxequency 
alternator provided with polyphase windings, as shown 
diagrammatically In Fig. 1. 

Let — rotor tooth*width,t« • 

rotor slt)t width, 

T = pole pitch, i.e. distance between centres of 
• two adjacent teeth in the rotor, ^ 

=== Tt H- 

— stator tooth width, ^ . 

t' stator slot width, 

T* distance between centres of two adjacent 

teeth in the stator, 

* 

111 bigh-fcequcncy alternators we take 

T, == T, = ^ • • (1) 

When the peripheral .speed, 7, of tiie rotor is given, 

* IV Cotiunitte invite writlen 

pubStUm in tli« /"wnn? M appywet! s^ould^ 

Vhe'fJ'/rSy 

C.tA.%nte (electiomapietic) unless 

otberwilit! sUUed. 


the frequency, /, of the current produced by the alter¬ 
nator may be expressed by 

/ = T^t . . . . (2) 

The slot width and the tooth width of the^rotor are 
then determined if this frequency / is given. The 
dimension of the stator slots and teeth for Jhis poly¬ 
phase alternator may be found from the relation 

— (2p ± 1)T . . a . (3) 

where p is the number of phases of the alternator. 



Fig. 1. 


Since the number of slots n^, n, in the rotb^ and 
stator respectively are related to r and.r' by the 
equation n,T = n,Y = irD, where 2> is the diameter 
of the rotor, we have, instead of (3), 

j-?V = ( 2 f) ± 1 )»» _ . . . • ( 4 ) 
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rf we use the relation 2pr — {2p + 1)t, t' should 
be chosen so th?kt 

= ir.( 6 ) 

^ _L 1 T 

and t' t' - r' = —— X . . . (6a) 

s t p 2 ' 

* 

[a) The case when 2pT' ~ (2p — 1 )t.—F or the sake 
of simplicity let us assume <^hat in the stator teeth 
the flux density is zero for that part not facing the 
rotor teeth. We then see that the flux in stator teeth 
I, 2, 3, , . . p, . . . 2p (Fig. 2) is 

P - . P - 


p — 2 

fp -- . . 

p r' 

jBjTt, 0, 0, ~BjTt 


p -1 


BJrt . (7) 


where is the maximum iiux density in the air>gap, 
and Z is the axial length of the slots (see Fig. 1). 

The flux between the two conductors, 1-1, of the 
sanfe phase is then 


The difference between the maximum and minimum 
values is 

= -( 8 ) 

jT 

and in both cases 2q + i and p ^ 2q, 

Now consfder the conductors 1—1 which interlink 
this flux. We see that the loop “ ab ” formed by these 
conductors links the maximum flux ^2 "" ^ 

certain position of the rotor. After the rotor ha& been 
displaced by the loop is interlinked by the same 
amount of the flux but in the opposite direction. 

zp zp T 


h-r-H 


2pT'^(2fP’-l)r;p^3 




1 T* 

When the rotor moves by the amount — x this 

rr\ 9 . 


flux becomes 


'p — 2 « — 3 \ 

^ 7 - + • • . + 0 + 0 )B„Zrj 


1 T 

and with another displacement — x - of the rotor it 
becomes 

+ • • • + 0 

and so on. rv 

Hence w^see that the minimum value of this flux is 
^ \p p p 





^ Fig. 2T 

^ ft 

Between these two positions the flux changes in the 
manner shown in Fig. 2. This graph is obtained by 
plotting the values of the flux corresponding to every 
displacement T/{2p) of the rotor. Considering only the 
fundamental of this curve, we can express the wave¬ 
form of the flux by 


+ o-i-o-f-l + -+... -f?— 

P V ’ p j 


when p = 2^ + 1 (odd) 

\ p ^ p 

+ 0 + 0 -f--|-|-f...+ 

1 2 a — 1\ 

-K’+j+j+'-'+VK'"' 

when p 2q (even) 

If from this position of minimum flux the rotor be 
displaced hy the amount |r, we obtain the maximum 
value 

(when p = 2g -f 1) 

* - 2 (’ + «±i + . . , + 

\P P IP ^ P j ^ ^ 

'(when p = 2g) • 


fw^m ( * 7 - ^ 


/2'tt 

= sin Yt 

“ sin 2'TTjt 

“ fwT'^ 


whereis the ratio of the amplitude of the fundamental 
harmonic to the maximum amplitude cf)^ of thi^i flux/(a?). 



Fig. 3. 


ITence the induced in the loop " ab is 

^ab ^ sin tuZ) 10 ® ^^S cot X 10 ® 

~ - - -- jg^ZTfcos cot X 10-® volts (9) 
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The number of the conductors in the stator periphery 


IS 


and 


n;= -j- =710 


* 2 p 


(2p - 1)T 


n, 2irl> , 

« = /9.n 

P (2p-*l)T 


( 10 ) 


Therefore the E.M.F. induced in one haff of the stator 


IS 


. 2p^ab - 1)T 


2wD q)q 


COS cot X 10-8 


= TT X ^ COS cot X 10-8 volts 


{2p-l)' 


p 


Since tlie stator is composed of two parts (see Figs. 
1 and 4) and the conductors of j:he same phase in these 



half parts are connected in series so that their induced 
E.M.F.'s are added, we have 


^AD — 2e^2i —* 


27tD 


(2p ^ 1) 

X cos (ot X 10-8 velts . (n) 


P 


E.M.P'.'s of the same magnitude will be induced in 
the coils formed by the conductors 2-2, 3-3, 4-4, 




(a) 


{P-2,) 


Z 



etc. But^it can be seen from Fig. 2 th^t the E.^.F. 
induced in the conductors 2-2 lags behind the induced 
E.M.F. in the conductors 1-1 by the angle 
(27r)/(2p) = tt/p, and the E.M.F. in^ 3-3 by the angle 
2 ( 27 r)/( 2 p) = 2 ( 7 r/p), and so on.^ When p is less than 3, 
these E.M.F.'s constitute p-phase voltages in the 
ordinary sense of the ^ords. For example, when 
p = 2 the E.iyi.F.’s are related as shown in Fig. 6. 
When p == 3 the E.M.F.'s can be represented as in 
Fig. 6 (6), and become symmetrical polyphase E.M.F.'s 
if the terminals of the E.M.F. are rever;ged. 

When p is greater than 3, these K.M.F.'s are no 
longer symmetrical p-phase voltages? since the phase 
angle between them is now 7r/p instead of 27r/p^ The 
machine may be tended a 2j^-phase machine, as the 
E.M.F.'s ei, C2» S'tator, 

together with the E.M.F.^s . . . in the other 

VOL. 62. 


half, constitute 2p-phase voltages. In such case^ we 
can, however, obtain symmetrical p-ghase voltages if 
we connect the conductors in series in such a manner 
that the E.M.F.’s and e^, anjl and etc., 
are added as shown in the vector diagram, Fig. 6. Hence 
instead of (11) we shall have * 


^AD 


27tD 

( 2 j) - 1 ) ^ 


cos ^ cos (Ot 
X 10-8 volts 


ilia)- 


when p >3. 

When there are currents in the stator slots, the 
M.M.F.'s due to these currents wdll modify the dis¬ 
tribution of the liux. The induced E.M.F. on load 
will be different from the induced E.M.F. on no load, 
both in magnitude and in its phase relation to the 
position of the rotor. This reaction of the stator 
current will be considered later. For the time being we 



shall suppose that the induced E.M.F. remains the same 
independent of the load. 

As the current is generally adjusted to he in phase 
with the induced E.M.F., we have 


i = 8d{T' — e) cos cot = 


8^ n N 
= -T(l-ff) 

^ cos (Ot (amperes) 


( 12 ) 


where 8 = current density in the conductor (amps./cm^), 
d = depth of the stator slot, ^ ^ 

e = twice the thickness of insulation oh" the 
conductor, 
cr = 2ti/T. 

When p<3 the power developed is 




2w/ta=T 

Gjiiftdt —- 


itD 


(2p - 1) 


X 




4p 


X 10-8 watts per pliase, 
and the total power of this nriacHiie will be 

♦ A 

e^idt = (1 - cr)«)/„(B«8)dlT 

^ X 10-8 watts . (>3) 

62 " 


r 

T 
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The power output per unit length of the stator 
periphery is 


(P - q)g 


fl - X 10-8 


ttD 4 ( 2 p — 1 ) 

kf^(B^8)dlTf X 10-8 ^ hfJBr,^S)dlV 

X 10 "8 watts per cm 


where 

and 


p = + 1 or p = 2q. 


(14) 

(16) 


From (11a) we see that when p<3 this factor k 
becomes 



(6) The ^ase when 2pT' =s {2p + 1)t. —The flux in 
stator teeth 1, 2, 3, ... p, ... 2p is 

r * 

BJrt. 

P P 

0 , 

at the instant shown in Fig. 7. 

" The minimum value of the flux passing between two 
conductors 1-1 of the same phase is 

^ ^ {o + 2(1 

(when p = 2g + 1) 

= {0 + 2(1 +1 + . . 

(when p = 2q) 

The mfeimum value of this flux will be 




-f . . . + • 


(whenp = 2g + 1) 

^2 = {| + 2(^ +■■■+ + i}5^Zt, 

^ (when — 22 ) 


Hence the difference between these two values is 

^ = ^ — ^ 1 —"(l (when p = 2ff + 1) 

• • 

^ ® ^ ♦ (when ^9 = 2g) • . (16) 

We can now proceed as in the previous case. The 
calculation for ^) == 2^ + 1 is given below. 

When p<3 the E.M.F. induced in one loop is 

^ad “ mt X 10-8 voli^ . (17) 

The number of conductors per phase in the stator 
periphery 

Hi 1 

p. (2p -h 1 )t 

The induced E.M.F. of ^ne phase is, when ^9 < 3, 


(18) 


n. 


ttD 


p (^ + 1) 


The current in the conductor 
i =z S<i(T' — e) cos cot 


{1 + ^«!W cos cot 
X 10-8 


+1 


p 2\ ^9 + 

The total powder 

r“’' . 

P = ^ I e^nidt = J7rl>- 


cos cot amperes 


(19) 


( 20 ) 


(1 - ^-^a)«!/’„(J5„8)(KT X 10-8 watts . (21) 


The power output per unit length of the stator 
periphery 

p _ .y + 1 

ttD 


-U+^\ 

4 ( 2 jp + 1 ) I ^ p S 

(l- ^^^cryMB^)dlr X 10- 


10-8 watts per cm 


( 22 ) 


where 




(p+,1) 
(2p+ 1) 


^ (when 29 = 2g + 1) . 

From (16) we see thadthis factor k becomes 

(g +1) r. , 2g(g-1) \/ _ p 

(2p + 1)1. • p • / \ p -|- 1 / 

‘ (when p =r 22 )# . 

When p >3, we have, instead of (23) and |23a), 

(p 


& = JtT; 


(23) 


(23a) 


A- jA±-lI 

^(2p + 1) 


(when p ^2q + \), . (24) 

I • p )*\ % p I J 2p 
• (when p =: 2q) . . (24 a) 
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Section 2. 

It will be seen from the galculations given in the 
preceding section that for the machine of given dimen- 

• * * H—H S tator 

^ . k—Rotor 

» (zp+2)T! 




Fiq, 8,—Single-phase high-freqi»ency alternator (Societ6 
Fran 9 aise Radio-Electrique type). 

• h-^ 7%1 Stator 

k—Rotor 


Table 1 these values are given for different values of p. • 
The value of k is calculated by mejns of one of the 
formulae (16), (16a), (23) or (23a), and (24), (24a) for 
two cases. In the first case «w6i take o* 
neglect the thickness of insulation^on the conductor ; 
in the second case we Jake a = 0-1. The factor 


K—•_ 


stator 


zpT'=(zp+i)ri 



Fig. 10.—Two-phase high-frequency alternator. 


^”1 


2Pt'‘(ZP-1)T; P=5 


"W' r 
-f— 


^ —/(a:) curve for five-phase high-frequeiwiy 
alternator. 


• table can be easily calculated if the wave- 

^ form/(a;) of the flux is known. 

Fig. 9.—^Two-phase high-frequency alternator (Latour). table shows that % increases steadily with p. 

sion with 8 and V fixed, the relative power output But the number of phases cannot be indefinitely 
may be compared by meags of the faotor kf^. In increased in practice, for r is actually very small in 


V 

PiQ, 9 .—^Two-phase high-frequency alternator (Latour). 


Table 1. 






2t' = 3t 


4/ = 3t 
4t' = 6r 

6t' s= 6t 

* Qr' = 7r 

10*/ 9t 
iOr' =: llr 

I2r^ = llr • 

12t' = tSr* 




3 - on 


« 1-14 


> ss 0** 9S- 


1^03 ^ 

1-00 (approx.) 

1 • 00 (approx.) 
i • 00 (approx.)' 



0*807 Fig. 


Fig. 9 , 


Kg. JCy 


Fig. 7 , 
Fig. li‘ 


2*23 
• 2.24 
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^ the case of high-frequency alternators and it will be a 
very difficult matter to construct machines which 
accurately satisfy the relations 

~ and r' := |r 
or = (2^3 + 1 )t |Lnd 7 ^ = Jr 

as p increases. The lea^t discrepancy from these 
conditions for the widths of iteth and slots in both 
The stator and the rotor will greatly decrease the output 
of the machine. But if a lower frequency will suffice, 
we can take a larger value of r. In such case a five- 


= {2p — 1)t has already been proposed and 
described by Latour in his paper* on the high-frequency 
alternator of the S.F.R. t 3 q>e. . 

In the above we have taken the relation 

^^*8 ~ ~ 1 )'’’ 
r[ = Jr, Mihen + 1 )t 

• • 

But we can also imagine polypha.se machines in 
which y or r' is * 

— Jr, when 2pT' = {2p — l)r . *. ^25) 
= Jr, when Stpr' = {2p -|- 1 )t . $: (26a) 



Fig. 12. 

phase or six-phase alternator will be of interest, especially 
the latter which can be used as a three-phase machine. 
In order to raise the frequency, frequency-changers of 
saturated iron core may be employed in combination 
with the alternator. 

There is another difficulty in the way of increasing 
indefinitely the number of phases p. The length of the 




Aux vamation of a Flux variation of a 

stator tooth rotor tooth 

6r - 5T 



Fig. 13. 


endr connection of conductors ydll increase, and this 
means an fnerease in the volume of copper not actually 
used in the production of power. At the same time 
tbe copper loss increases and the heat dissipation 
becomes worse. Thus we shall be obliged to reduce 
the vaflue of S which was supposed to be constant. 
Hence we cannot expect to obtain as great an output 
for^larg^vafiies of p as that indicated by the coefficient 
hfyf calculated on the simple assumption that B is 
constant. 

H is to be noted that when p = 1 in the case of 
2pr « (^ + l)r, this polyphase alternator reduces 
to the single-phase high-fr^uency machine of the 
S.F.R.* type. The tw<^ijjiase machine of the type 
Soci^t6 Frangaise^adlo^-Electrique. 


Calculations of /c/^^ in these cases show that these 
types cannot develop as much power as the others. 
It may here be mentioned that ordinary single-phase 
homopolax machines may be considered as machines of 
class (26) (see Fig. 12). • 

We shall next consider bjiefly the flux variation in 
the stator and rotor teeth. The flux wriation in the 


Phase I 


Phase! 


Phase HE 



Ml « "ZMib, 


Fig. 14. 


stator has a frequency/. ^Since we have, from (4), the 
relation = 2pn^l(2p ± 1), we see that the flux varia¬ 
tion in the rotor teeth has a frequency 2pf/(2p -f 1) or 
— 1), according as 2pT' = (2p -[- 1)t or (2p — 1)t. 
Take, for example, the three-phase alternator of type 
~ At. If we suppose, for tlje sake of simplicity, 
that the flux density i» uniform over the whole cross- 
section of the teeth—^the condition which holds approxi¬ 
mately at the bottom of these teeth—then the variation 
of the^ux den 4 ?ity in one tooth may be represented by 
Fig, 13 (a). In this case the frequency of the flux- 
change in the stator is /, while that in the rotor is 
6 // 6 . • ^ 

In addition to these variations there axe the flux 
variations due to the M.M.F.'s of currents in the slots. 
When the current is phase with the induced E.M.F., 
the stator and the rotor of this three-phase alternator 
will take the position shown in Fig. 13 (6) at the moment 
when the current of phase I is a maximum. It is seen 
that the effect® of the M.M.F. due to this current is far 
greater for a to?th at (a) than for a tooth at (6). 
Neglecting this refction of the current on the tooth 
flux wl^en th teeth are at positions such as (6), the 
flux-change m the stator and rot<*r teeth vdll be some¬ 
what similar to that represented* byi dotted lines in. 

* Radio fievieS, 1921, vol. 2, p. 403, 
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Fig. 13 (a). So long as thd teeth are supposed not 
saturated, this flux variation due to the current has no 
influence on the magnitude *of the -induced E.M.F., 
hut it ^ill regard its phase to a slight extent. When 
the current component is in quadrature with the induced 
E.M.F., the magnitude^ of the E.M.F. will change at 
the same time. 



• 

We have taken here the case of a three-phase alter- 
^nator as an e^^mple for cBnsidering the flux variation 
in the stator and the rotor. When p becomes greater, 
this flux variation will be more complicated, especially 
when ^ is. an gdd number. In tl^jEit case all the teeth 
. in the stator qr the rotor will not undergo the same 
Ihix variation. 

Polyphase iimchines may also be used for ordinary 


that the primaries of the transformers I, II and III 
have the same coefficient of self-induction, and that 
their circuits are adjusted in resonance ^nth the frequency 
of the alternator.- ^ ^ 

Polyphase machines are especially adapted to the 
production of current of higher frequency. To^illQS- 
trate this, let us take a tliree-phase alternator supplying 
three-phase current to the pmmaxies of three frequency- 
transformers having salurated iron cores (Fig. 16). If 
the secondaries are correctly connected the voltages 
of the fundamental frequency disappear completely, 
but the third-harmonic voltages add together. Thus a 
current having a frequency three times that of the 
fundamental may be utilized in the secondary circuit. 
As the induced E.M.F. in the secondary of such 
frequency-transformer contains the fifth harmonic in 
addition to the third, a similar disposition may be 
adopted for a five-phase alternator to obtain the fifth- 
harmonic current. 


APPENDIX. 

Since this paper was written, the author has found 
that three-phase high-frequency alternators have already 
been invented by Frank.* Such machines are dia- 



antenmc. By a certain disposition the polypliase energy 
can be converted into single-phase energy • In Fig. 14, 
the voltages of a three-phase alternator are impressed 
on thg primaries of transformers I. II and III. If the 
coefUcieni^ of mutual inductance of these transformers 
and of the impedances Zi, Zu, Zm and Za are suitably 
chosen, it is possible to make each phase of the alter¬ 
nator give the same current and power. If we suppose 
that the circuits ole, olle and oIIIeTiave no resistance, 
the conditions for the balanced working of the alternator 
are as indicated in Pig. 14. It is also a^ufned here 

• Tl>e mcliioil adoptef in the case o{.a tijo-phase alternator is described to 
Latour’s paper [loc, dU), 


grammatically represented in Figs. 16, 17 and J8. The 
stator and rotor pitches have the following relations 

or' = 4r (Fig. 16) 

< 7 t' = 2t (Figs. 17 and 18) 


f we adopt the same symbols. . , . 

By a method similar to that described m the present 
lapi. the factors h and./„ can be easUy calculat^ for 
hrae machines. Let us assume the same mai^um 
lux density in the air-gap (which means a highw 
lensity in the stator teeth than was assumed for the 
dealt with in the pappr) and the same.current 

* Jakrhuik der dnMostn TOefraidiie, 1888, vol. 28, j. 44. , 
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density S. If we take the width of the coil to^)e equal 
to half the stator pitch, and neglect the thickness of 
insulation, we ge# 


and 


& = ^4o-%24;/„ = 2^5=. 1.06 

V3 * 

%. = — = 0-650 

w 


Even the machine in Fig. 12 is better than 


machines from the point of view of utilization of the 
stator periphery, since kf„ is greater.* 

This is because the conductors of the same phase in 
t^e mac^es are not arranged at equaJ dist*nces, so 
that the flux curve/(») contains a large amount of 
coMtant Md idle flux <f>o with relatively smaU variable 
a^ useful flux The inventojfc claims that the form 
of the rotor sh«wn in Fi|. 18 improves the wave-shape, 
but the power developed by the machinais^not increas^. 

• i -> ir/4 !- 0.788: /, •. 8/r> — O-Sl: and = S/ir — O-SSB. 


ELECTRICAL SIGNALLING EQUIPMENT ON RAILWAYS. 

By V. Mitchell, Student. 

(ABsriucr of paper read before the Noam Mmuaun Studekts' Sechok, 2m January. 1924.) 


Summary. 

This paper is intended, not to give a detailed consideration 
of a subject upon which it is difficult to theorize, but rather 
to l^g to the notice of engineers, who are mostly engaged 
on *^-Power plants, the achievements of a little-knoTO 
departoent of aU raflway companies, the object of the 
^partment being to protect moving and stationary vehicles. 
The paperjnvM a very brief description of the evolution of the 
lock-and-block system of signalling and the uses of the track 

^nit M now^ployed on the Midland section of the London, 
Midland and Scottish RaUway. «nuon. 


* Ordinary Block System. 

'< ®^r^ion •' block system ” may be defined as 
A method whereby the traffic on a railroad is so 
regulat^ that only one train or vehicle occupies any 
one section of the line at the same time." To effect 

sections, each section 

,to pe termed a block section.^' 

Under the Regulation of Railways Act, 189Q the 
w, by all co4«l«’iTU: 

..lif Uook wrung i, wll knom; dec- 

J mdicators are provided to guide the signalman 
tw mechanical signals, ^ich in 

^^iREE-WiRE Single-Needle Block. 

Chb was the first tjrpe of instrument used for the 
D^rataon of ae ordinary block; each instrumL fe 
^pable of givmg three indications, i.e. "hne blocked " 
position), "line clear" and "train on Se." 
The signalman m charge of the disposal of the train 

aS' ^ call the signal aheS^ 

aM by arranged signals iftquire if the section ahS 


unoccupied; if so, the signalman ahead*(by a mfechani- 
^1 aiTMgement) gives the signalman in charge of tte 
^ the indication "line clear." On the tiin LfenW 
the section ahead the indication "’train on line " if 
arrangement tte.signalman can teU 
tte state of t^ section ahead anif controls his mechanical 
signals accorclingly. • 

Interlocking. 

The arrangement just considered cannot be said to 

mfn for the train, the signal- 

an stm bemg able to work his mechanical signals 
™^trv. tk. Nork todictions. Thi. 

«akrM. Md It was dwaded to interlock the electrical 
indicators and the mechanical signals 

The requirements of an mterlocking*system are 

(1) That the starting-s'ignal must not be lowered until 

m TR ahead. 

(2) That on placing the block indicator to " train 

• Im# " it is locked in that Jiositiou Imtil the 

701 passed through the section. 

(3) ®^^^rnan can at any time put his signals 

(4) That the starter .must be replaced before the 

mdicator can be moved to " line dear." 

• • 

Single-Needle Interlocking* Block! 

Tliis was an improvement on the first type mentioned 
mdicator to "line dear " an electrical 
lock on the starling signal in the rear is Hberated. On 
fa rndicaitor to " train on line " the instrument 

IS lod^pd m that position until the train passes over a 

^ome signal. 

*° ““Ply 



955 


MITCHELL: ELECTRICAL SIGNALLING EQyiPMElfr ON RAILWAYS. 


Rotary Interlocking Block. 

The interlocking block had now brought some degree 
of protection for the train ; this was carried still further 
by the ijitrodjjcfion of the rotary interlocking block. 


" line clear position owing to a deviation, or otherwise, 
of the train concerned. This is obtained by both signal¬ 
men simultaneously pressing a canc^ button, which 
picks up a " line clear cancel lock in the instrument 


Eotary iu&tnijtt.e»± 


Contact in block 

^sphaMle] j 

I p'|i|Bli|i|f--^^‘"Bidkenmnorr^ 
i i Back terminals I 

^ ^ ' B.etuxn 


rSrimlm^ “ it I 
ttWmeLs 


itoC* liiTW cWj 


Treadle 



Directum of train 



Jim:- 

• notary Block Instrument 
Bi^ signals made only in Top 
(Line blocked) or Midvt^positions, 
1. Contacts made in 'Xiae clear'^ 
position, 

%, Contacts made vAine blocked^ 
position. 

Contacts A and B operated Jsy 
TjSie cleaiJ’Back-lock 
Contacts 3 and C operated By 
"Bicbray^^ back-lock 


contacts 
Connection on 

fline dear’ 

I cancel key 
L—inhlodc 


tswiu 


Contact on lever 
lock broken when 
lever 


Fig. 1.—Rotary interlocking block. 


1 Circuity 

lifirLUgl 

Block & Dial ) 

^gnalling J 

“line caiusdling) 

and Lock 5 

“TiairLoiilme& \ 

rri_rt-rkW 

• 


A complete description of the instrument and the 
functions of the different parts cannot be given, but 
much information can be gained from Fig. 1. The 
indicating handle was changed to a commutator which. 



except in the line clear position# would only rotate 
in one direction, thus compelling the signalman to 
carry out the functjpns in correct sequence. A co¬ 
operative cancel is^ provided should th® signalman 
require^ to take fiis handletbsjjk to normal from the 


and allows the signalman to move his handle to the 
normal position. Cancels are provided to obtain 
release should the contact maker or treadle fail to pick 
up the '' train on line ** lock on the passage of the train 
through the section; to obtain release the signalman 
must break a glass cover over the cancel^ key, which 
must afterwards be sealed up by the lineman. 

A recent addition to the rotary interlocking block 
is the relay rotary block which is designed for places 
where signal boxes are closed on Sundays, as many as 
five block sections being switched to form one long sec¬ 
tion, the electrical connections being shown in Fig. 2, 

Track Circuit. 

The methods considered have all been for the pro¬ 
tection of moving trains and become useless if no pro- ^ 
vision is made for vehicles which may have becdme 
detached from other trains, or have been*left foul^ in¬ 
advertently. They may be standing out of ^ght of a 
signal box round a curve, or in a dense fog or tunnel. 
Indication of the presence of these vehicles is given 
to the signalman by means of a track circui'S! The 
rails are bonded together with iron or copper bonds to 
give good conductivity for current from a • battery 
situated at one end of the bonded track. The track 
is insulated from the rest of the S 3 rstem by means of 
insulated joints. The battery supplies the holding 
current for a relay joined across the other end of the 
track, and this relay controls the signal protecting the 
track. A train or vehicle standing on the track will 
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provide a shunt of sufftciently low resistance ^o drop 
the relay, thereby breaking tlie lock circuit for the 
signal protecting the track. This signal cannot be 


length of time taken by trains to pass one at a time 
through the block sections. To avoid this delay the 
track circuit was utilized to spread out the traf&c over 






pulled off ** until tlie vehicle or train occupying the 
track has moved from danger (see Fig. 3). 

Semi-Automatic Signalling. 

It fo^ind that where long sections existed between 
sighal boxes on busy lines, delay was caused by the 


the long section. Another block section having its 
own signals controlled by track circuits between two 
signal boxes, which can under certain •conclitifciis be 
controlled by the sigjialmen in these signak boxes, is 
installed, this section taking its share of the distribution 
of the traffic ('Be(^Fig. 4). 
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THE EFFECT OF THE SHAPE OF THE TRANSMITTING AElHAL UPON 
OBSERVEb BEARIl^GS ON A RADIO DIRECTidN-FINDER.* 

By R. L. Smith-Rose, Ph.D., M.Sc., Associate MSmber. 

[Prom the National Physical Laboratory; communicated by permission of the Radio Research Board.] 


{Paper first received 14dh June, and in final form IZth August, 1924.) 


Summary. 

For the explanation of the variable errors encountered 
chiefly at night on radio directidn-finders, modem theory 
implies the reception of •waves arriving at an appreciable 
angle of elevation and polarized so that the magnetic field 
has a horizontal component in the plane of propagation, 
previous experinqjnters have thown that such abnormally 
polarized waves can be radiated from certain kinds of aerials 
when situated at a considerable distance from the earth's 
surface, as in the case of an aeroplane transmitter, and that 
such wav^ when\rri\dng at the earth% surface can produce 
very appreciable Errors on a radio direction-finder. The 
experiments described in the present paper were carried out 
to determine to wfiat extent the emission of these abnormally 
polarfzed waves by aerials of different shapes from a ground 
transmitting station was responsible *for the frequent occur¬ 
rence of varialfte '' night" errors at a ground direction-finding 
station. It is concfuded that the frequency and magnitude 
of these errors are independent of the shape of th^transmitting 
aerial, within the limits o? this investigation, gjand that the 
use of a source of radiation wliich is, as far as possible, only 
polarized in the normal manner, in no way diminishes the 
night effects generally experienced. 


1. The Theory of the Errorsb of Apparent Bearings 
OF Radio Direction-Finders. 


To account for the variable errors which ai^ experi¬ 
enced under certain conditions in the observed bearings 
given by the closed-loop ^pe of radio ^irection-finder, 
a theory was put forward by Eckersley f in 1920, which 
ascribed the errors to tlie recepflpn of an indirect wave 
arriving at the receiver in a downward direction, the 
polarization of this wave being such that it possessed 
a horizontal component of magnetic fielc^ in the glane 
of propagation. The direct wave travels horizontally 
along the earth’s surface and arrives at the receiver 
polarized with the magnetic fie^ honzontal and at right 
angles to the plane of propagation. 

For the purpose of clarity here and throughout the 
paper it is desirable to de^ne some of the terms used in 
connection witji the propagation of wireless ^waves, A 
wave is considered to be normally polarized when the 
electric force is contained in a, vertical plane. The 
intersection of this plane with the surfacei^of the earth 
is the path which is assumed to be takSn by the direct 


• Tlie Papers Committee invito written comraxmfbations (with a view to 
publication in i\x^ -Journal if approved by the Comraittw) on pap^ pub^h^ 
in the Journal without being read at a meeting. Comra^^^tion# should 
reach the Secretary of tlie Institii^on not later than one month aftei;^ubhcatioii 
of the paper to which tliey relate. . . „ . t 

. t T. LrEcKBRSLEY: “The Effect of the Heaviside Layer on the Apparent 
DirecUon of ElcctromagneUc Waves,” Rmew, 192i, vol. 2, pp. 60 

and 1131. 


wave when it is unaffected by any deviations ^or distor¬ 
tion. In a normally polarized wave, therefore, the 
magnetic force will always be horizontal and at right 
angles to the plane of propagation, whatever may be 
the actual direction of propagation within this plane. 
A closed-loop direction-finder rotating about a vertical 
axis will thus always indicate the true directioif of 
arrival of such a normally polarized wave. If an error 
in bearing arises with such a wave, it indicates that the 
plane of travel of the wave is not the meridional p^ane 
between transmitter and receiver, i.e. that the wave has 
been subject to lateral deviation. 

For an abnormally polarized wave, however, it is 
possible, but not necessary, that the magnetic force 
will have a horizontal component which is not at right 
angles to the plane of travel of the wave. In the extreme 
case in which the electric force is horizontal and the 
direction of propagation is inclined to the horizontal, 
the above component of magnetic force is in the plane 
of propagation. Such a wave arriving alone would 
evidently give a 90® error on a direction-finder and 
when it is received together with the dirogt wave the 
resultant horizontal magnetic field may gi^r® an error 
of any intermediate value from 0° to 90®, and if the 
phases of the two waves differ, all the effects connected 
with rotating fields and elliptical and circular polariza¬ 
tion are possible. 

Reception during the daytime is assumed to be carried 
out chiefly or entirely by the direct wave, and the errors 
in observed bearing on a loop rotating about a vertical 
axis will consequently be small. At night, howevCT, 
the effect of the indirect wave is superimposed upt>n 
that of the direct wave, and, depending upon the relative 
magnitudes and phases of the horizontaf components of 
their magnetic fields, errors in apparent bearings ^p to 
90® and the common occurrences of blurred can 

be accounted for. The theory is elaborated in some 
detail in Eckersley’s original paper, and certain experi-^ 
ments are described, the results of which confirm the 
deductions drawn from the theory. 

The indirect wave arriving at the receiver in the 
vertical plane of propagation but inclined al: an angle 
to the horizontal may have its origin in two causes. Th 
the first case it may be due to the radiation from the 
unbalanced horizontal portions of the transmitting 
aerial where this is of the inverted-L type, such ra^aticttK 
being abnormally polarized, so that the magnetic field 
has a component in a vertical ^irf ction. After reflection 
from the lower horizontal surface of the hypotheticml 
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Heaviside layer this wave would provide at t^e receiver 
the necessary component of horizontal magnetic field 
in the plane o? propagation. If, however, the trans¬ 
mitting aerial is symmetrical about a vertical axis, then 
the radiation wiy. be normally polarized. Such radia- 
trofi even after reflection from the horizontal surface 
of an upper ionized layer‘'will always arrive at the 
receiver with the magnetic field horizontal and perpen¬ 
dicular to the plane of propa^tion, and can thus never 
give rise to an error in apparent bearing. To explmn 
any observed errors with the indirect wave polarized in 
this manner it is therefore necessary to assume that 
there is a change in the plane of polarization at the 
reflecting surface, due either to the latter not being 
horizontal or to some other cause. 

In an article published about the same time as 
Eckersley's a qualitative outline of practically the same 
theory was given by Bellini,* from which it was con¬ 
cluded that the radiation from the horizontal portions 
of the transmitting aerial, arriving at the receiver after 
reflfection from the Heaviside layer, would give rise to 
the errors in bearings experienced. The whole effect 
is analogous to the reception of waves transmitted 
frq*n an aeroplane in such a position that it subtends 
an appreciable angle of elevation at the receiver. Errors 
in bearing arising from this cause had previously been 
noted by Adcock and Round,f the sign of the error 
depending upon the direction of travel of the aeroplane 
relative to the receiver, and its magnitude only reaching 
zero for the two cases in which the machine is flying 
to or from the direction-finder. 

A detailed investigation of this effect of the reception 
of abnormally polarized waves from an aeroplane has 
been carried out by Baldus and Buchwald.f For an 
aeroplane at a fixed point in space they showed that 
the errors in apparent bearing at a ground direction- 
finding station varied with the orientation of the trans¬ 
mitting aerial and might be as great as 60® in certain 
cas&. The magnitude and variations in the error 
shown by the various experiments carried out are only 
partially accounted for by the theoretical analysis of 
the problem caxri^ out by Burst 3 m.§ In this calcula¬ 
tion, however, fhe earth was taken as a perfect conductor, 
whereas some of the experiments indicated that the 
finite-conductivity of the earth greatly affected the 
rlsult. 

Quantitative measurements of the intensity of the 
field in the radiation from an aeroplane have been 
carried ^t at a ground station by Baldus and Hase.|| 
By comparing the measurements obtained on both 
vertical and horizontal aerials the abnormal polarization 
r of th waves due to the shape of the aeroplane antenna 
was demonstrated. In the endeavour to find a form of 
aeroplane antenna which would eliminate the ^ror at 
the ground direction-finding station, it was shown that 
nearer the aenal approached the form of a vertical 
Hertzian oscillator the less became the magnitude of 


The Errors of Direction-Finders,” Bledruixant 1921, vol. 86, 
'•Direction and Position Finding/* JourmU 1920, 


• E. BatLiNi; 
p. 220. 

K J- Rowd : 

“ vol. 68, p. 230. 

± R. Baldus and E. Buchwald : « Experiments on the Wireless Orientation 
of A^i^anes,” Jakrbmh der draMosen T^aphie, 1020, vol. 15. p. 214, 

§ W. Bursty**; « Wireless T^egrophy in Space,*' ibil, 1020. vk 16, p. 322. 
J R* Baldus and k Ham r ^easuremeit of Energy fiadiatec^ by an 
Aeropigne Antenna,** 1020, vol. 16, p. 864. 


the error caused by it. Reciprocal experiments in 
which the strength of field from a ground transmitting 
station was measured in the aeroplane were made by 
Buchwald and Hase,* and these cofifymed^the shape 
of the characteristic radiation curves found for *the 
L type of trailing antenna normally employed in 
aeroplanes. # * a 

There appears, therefore, to be experimental evidence 
in existence which shows : {a) that ^the arrival of an 
abnormally polarized wave in a direction which is not 
horizontal will in general give rise to an error in the 
bearing observed at a ground direction-finding* station; 
and (b) that a type of bent-L antenna whicl^, contains 
an unbalanced component of horizontal current will, 
in free space, emit waves which are in part abnormally 
polarized. The experiments described in the present 
paper were carried oulf with the object of determining 
whether it was necessary for the* waves to be abnormally 
polarized at the transfhitter in order to give rise to the 
errors included in class {a^ above. 

2. Origin of Investigation and Arrangement 
Experiments. 

In an investigation of all the errors encountered in 
wireless direction-finding which has been conducted on a 
wide scale by the Radio Research Board since 1921, a 
large amount of data has been accumulated, lhe.work 
of reduction of which is now well advanced. With a 
view to ascertaining the effect, if ai].y, of the dimensions 
and shape of the transmitting aerials, details of these 
were sougl^t from the authoritigs responsible for the 
respective sjpations whose transmissions had been used 
for observation purposes. Up to the time of writing, 
however, details have been received for the British sta¬ 
tions only. A graphical representation of the variations 
in bearing experienced on those stations which have' an 
inverted-L aerial with a Jpng horizontal portion pointing 
in a known direction, shows that there is no definite 
relation between the direction of the receiving station 
relative to the transmitting aerial, and the variations in 
bearings experienced, whereas such an aerial should not 
radiate an abnormally polarized wavO in its own plane. 
Ivk other cases, where Jhe transmitting aerial is known 
to have no unbalanced horizontal portions, very appre¬ 
ciable variations have been experienced during the 
periods of observation. Although the effects axe 
necessarily setnewhat difficult to establish witlf certainty, 
owing to the large number of other variables such as 
distance, geographipal features, etc., which accompanied 
these observations, thesonly general conclusion which 
can be drawn is that no evidence is supplied that the 
errors or variations in observed bearings are in any way 
dependent upon the radiation of abnormally polarized 
waves firoln tlie transmitter. These ob®ervatioj;is were 
made on wave-lengths from 2 to 10 km, employing both 
damped and undampdd waves. 

The preselht ^experiments originated in a suggestion 
made by Prof. W. O. Howe in 1920 to Committee C 
of the Radio Research Board, that an experimental 
transmitting station should be set up at which th 
confonfia^on of the aerial couldTbe altered and its effect 

♦ E. Buchwald and R. : ** Reception ]^cperiments in Aeroplanes,** 
JaJtrbuch der dmJdlosen Tdcgrafliic, T920, vol. 16, p. 101. 

* A 
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Upon a directional receiver at a distance could be studied. 
Various considerations precluded the possibility of the 
erection of an aerial of sufficient Vertical and horizontal 
dimensions# for the canying out of the experiments at 
long* wave-lengths, and 450 m was ultimately selected 
as the wave-length, damped waves from a spark trans¬ 
mitter being employed. •From other observations which 
had been in progress for some time it was kifbwn that the 
effects observed, would not be fundamentally different 
on any other wave-lengths within wide limits, nor would 
they differ with the use of undamped waves. 


• ^ 

a fortnight, without making any alteration whatever, 
so as to obtain a fair average of the observed direction¬ 
finding conditions during both day and^night periods. 
The transmissions from Teddington ^ took place at 
10 -minute intervals and were interspersed with similar 
transmissions from Orford. At this station the traftse 
mitting aerial of the norAal T. shape was retained 
throughout the whole of thq^ experiments, and the 
corresponding observation^ made at Slough afford what 
is in the nature of a check on the prevailing direction¬ 
finding conditions in the different periods. 


^Spreader 


Rape 


Ins\^tor 


JRope_ 


Spreader 


20 feet 


Vertical 

a 


j/ I _ jy^ Earth screen . II , \//, [), ^ y 

_!_Ann feet-H K-150 feet -H 



^Spreader 
— zsft.long 


Insiflators to 
Tcdauce screen to 
be symmetrical* 
^ masts 


-600 feet- 
Side elevation 

Fig. 1.—Sfde and end elevations of vertical-aerial arrangement. 


End d.evation 



2.—^Side elevation of inverted-L aerial. 


The aerial employed for tlfese experiments at the I 
National Physical Laboratory is slung between two 
wooden masts 100 ft. high and 460 ft. apart, .the guy 
■^ires to these masts being split up into short lengths 
by porcelain insulators. The horizontal portion of 
the T aerial normally^ used is formed of four wires 
equally spaced on 26-ft. spreaders. An earth screen 
600 ft. X 150 ft. ts employed, being supported on 
porcelain insulators on wooden posts, the average height 
of the screen aboverthe ground being aboutbS ft, Ojnng 
to lack of space the masts were not situated quite 
symmetrically with respect to the screen, but insulators 
were provided in tlie screen vjjres by which the over¬ 
hanging portion could be cut off, the width of the screen 
being thereby reduced to 100 ft. 

3. ]Procedure*of Experiments. , 

The genital mode of procedure in this investigation 
was to set up one t 3 q)e of aerial and4:hen make daily trans¬ 
missions of special signals for two 2-hour #periods, one 
of which was located near mid-day and the other near 
midnight. Observations of the appaifent bearings were 
made on these transmissions at the two direction-:^ding 
stations at Slough and Orford, which are respecti'wely 11 *5 
and 03 miles distai^J: fnom Teddiqgton. With each t 3 rpe 
of aerial employed this daily proosdure was repeated for 


The experiments were commenced with a fortnight's 
test made with the T aerial and the full wMth of •the 
earth screen. A vertical aerial was then erected in the 
form of a four-wire cage of 3 ft. diagonal suspended 



Fig, 3—Plan of transmitting aerials relative to directions* 
of receivers. 

from the centre of two hemp ropes carried between the« 
spreaders slung from the top of the masts. The height 
of this cage was about 70 ft. from the screen, and ^e 
portion above the screen was adjusted as closely verticil 
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Table 1. 


I* 


Week ending 


17/3/23 

24/3/23 

9/6/23 

16/6/23 

23/6/23 

1/8/23 

22/9/23 

29/9/23 


Number of 
Observations 

Error of 

Mean Bearing 

Maximum Variation 
from Mean Bearing 

• 


degs. 

degs. 

39 

-0-9 

+0-6 

36 

-0-6 

-1-2 

69 

-1-5 

+2-7 

39 

-2-4 

-1-9 

42 

-1-9 

+2-1 

28 

-1-2 

+ 1-2 

41 

-1-4 

-2-9 

53 

-0-9 

-1-4 

52 

-0-8 

-1-6 


Percentage Variations £n>m Mean Bearing 


• ^ Uptol“ • 


percent 
100-0 
97* 
93- 
90- 
81- 
96- 
78- 


90-6 

98-1 


Up td 2“ 


percent 


100 - 0 . 

100-0 

100-0 

100-0 

100-0 

97-6 

100-0 

100-0 


Table 2. 


Summary of Night Observations made at Slough on the Transr/Hssions from Orford^ 


Week 

ending 

Number of 
Observations 

Error of 
Mean Bearing 

Maximum. 

Variation 

from 

Mean Bearing 

Percentage and Cause of 
Alissed Bearings 

Percentage Variations froni Mean Bearing 

« 

Absence of 
Minimum 

Wandering 

Minimum 

Up to 1®* 

Up to 2® 

Up to 5® 

_•- 

Up to 10® 

17/3/23 
24/3/23 
9/0/23 
16/6/23 
23/6/23 
28/7/23 ' 
4/8/23 ’ 
22/9/23, 
29/9/23 

90 

71 

29 

30 

33 

39 

47 

44 

49 

degs. 

- 4-5 

- 6-6 

- 1-7 

- 2-0 
+ 2-4 
+ 10*5 
- 2*8 
- 6-6 
- 2-7 

degs. 
-20-8 
-34-8 
-22-6 
+ 11-7 
+22-3 
-45-8 
-32-6 
-14*8 
-17*6 

per cent 
20-0 
31-0 
61*8 
33-3 
48-6 
48*7 
68*1 
47-7 
42-9 

per cent 

6-7 • 

8-5 
24-1 

3-3 

12-1 

12-8 

8-6 

20-6 

8-2 

• 

per cent 
2-2 

> • — 

36-7 

3-0 

2*1 

10-2 

per cent 

6-J7 • 
2-8 • 
6-9 
56-6 

3-0 

• 4-3 

4*6 

28-6 

per cent 

51-1 

16-6 

13-8 

60-0 

21*2 

8-5 

11-4 

47-0 

per cent 

66-7 

50-7 

17-2 

60-0 

30-3 

7*7 

8-5 

29-6 

47*0 


* True bearing of Orford at Slough *» 05 ♦ 3”^ 


Table 


Summary of all Observations made at Slottgh on the Transmissions from TeddingUm* 


^ Weelc ending 

Aerial used 

No. of Obser?ations 

%rror of Mean 
Bearing 

• 

Max. Variation from 
Mean Bearing 

nizi%z 

T 

132 

degs. 

+3-4 • 



T 

127 

+3*6 


9/6/23 

Vertical 

120 

+ 3*9 


16/6/23 

Vertical 

77 



23/6/23 

Vertical 

82 

+ 3*7 • 

+ 0*8 

28/7/23 ^ 

Free end to E. 

100 

+ 3-4 • 

+0-7 

4/8/23 

Free end to E. 

106 

+3-4 

±0-9 ■ 

22/9/23 

Free end to W. 

118 

+ ^4 

+ 1-0 

29/9/23 

__- 

1 Free end to W. 

116 

^ . +3-4 

« 

-— r — 

-M-0 

1 


* True beating of Ted^ington at Slough *■ 110*5®. 








UPON OBSERVED BEARINGS ON A RADIO DIRECTION-FINDER. 


as possible, the lead-in to the transmitting hut being 
taken below the screen and being only about 4 ft. in 
length. An elevation of this vertical aerial arrangement 
is shown in^Fig. With this vertical aerial two tests 
of a fortnight's duration each were carried out, in the 
second of which the earth %::reen was reduced in width 
as mentidned above. Tffis arrang^mAit pr<jvided exact 
symmetry of intersection of the screen by any vertical 
plane through the Serial. This alteration produced no 
noticeable effect on the observations made at the 
receive!*, however, and the symmetrical screen was 
retained in all the remaining experiments. For the 
inverted-L* aerial, one half of the horizontal top of 
four wires on a 26-ft. spreader was replaced, the other 
half being retained as rope. The elevation of this aerial 
is shown in Fig. 2 from which it i%seen that the ratio of 
horizontal spread to vertical lead is 225/92 = 2*46. 
After a fortnight's test with this arrangement the free 
end of the aerial was changed over to the other mast, 


4. Summary and Discussion of Results Obtaineb. 

Tables 1 and 2 give a summary of the observations 
obtained at Slough on the transmissions from Orford 
throughout the investigation. The^ r^ults are given 
as weekly summaries, and the day anid night periods 
are separated as stated. A^ summary of the observ^-B 
tions of apparent bearings made at Orford upon the 
transmissions from Teddington •throughout the whole 
series of experiments is gi\^n in Tables 4 and 6. The 
simultaneous observations made at Slough afe sum¬ 
marized in Table 3, the day and night readings being 
here combined since there was no perceptible difference 
between them. 

Considering Table 1 in the fi«st instance, it wiQ be 
seen that over the whole period of about six months 
working, large numbers of observations show a com¬ 
paratively small variation in apparent bearing for day 
transmissions. The extreme values are less -^an 3®. 
different from the mean and, with one week's exception. 


Table 4. 


Summary of Day Observations made at Orford on the Transmissions from TeddmgUm.* 

•_ * — I I 



• 

• 



Error of Mean 

Maximum Variation 

•k 

Percentage Variations from 

Mean Bearing 

Week en<^g 

• 

• 

• 

Aerial used 

• 

Observations 

Bearing 

from Mean Bearing 

Up to r 

Up to 2" 

• 

17/3/23 

24/3/23 

2/6/23 

9/6/23 

16/6/23 

23/6/23 


• ' T 

^Vertical 

Vertical 

Vertical 

Vertical 

37 

41 

67 

42 

33 

degs. 

-3-0 

-3-1 

-3‘0 

-3*2 

-31 

-3-8 

degs. 

. +0-6 

O'O 

-H-4 

-1-1-6 

±2-0 

-1-1-9 

per cent 
100*0 
100*0 

97*2 

86*0 

86*7 

48*6 

96*4 

88*9 

86*6 

98*3 

• per cent 

100-0 

100-0 

100-0 

100-0 

*100-0 

• 

100-0 

• . 

100-0 

100-0 

28/7/23 


Free end to E. 

.. * 

65 

-2*6 

-I-2-0 

4/8/23 


Free end to E. 

63 

-2*6 

-I-1-9 

22/9/23 


Free end to W. 

69 • 

-1*8 

— 1-3 

29/9/23 


I^Free end to W. 

68 

• 

-2*4 

-1-3 


* , • True bcailng ol TedcUngton at Odoid ~ 240-8°. 


giving the equivalent of a rotation of the inyerted- 
L aerial thfough 180° in a horizontal plane* With ^he 
completion of observations on the transmission from 
this type of aerial, a few check readiiigs were taken on 
transmissions from the original T^aerial. 

The horizontal portion of the aerial at Teddington 
was in a direction approximately 103° from true North, 
and the direction of Orford. was 60°,.so that the latter 
direction, made <m angle of 43° with the horizontal 
portions of .the aerial. At Orford the transmitting 
aerial was practically due North «and South, so that 
the direction of Slough made an angle of 66° with the 
horizontal portion of the aerial (see Fig. 3). 

The direction-finding stations employed at Orford and 
were of the standard Maiconi-Bellini-iJ'osi 
pattern and do not csftl for any special conament, 
beyond the statemeni tiiat the aefial loops were used 
in the untuned condition throu|;hcfUt. 


all the observed readings differ from the mean by les» 
than 2°. The majority of the larger vanatioM. 
recorded, and particularly the reduced average m the 
week excepted above, were due to the presence o^ 
interfering signals at the time of observatipa 
mean obsarved bearing shows an average difier^ce oi 
the order of 1° from the true value. Referrmg to 
Table 2 it is seen that during the corresponding mgbt 
periods a totally different state of affairs prev^. 
It was the general rule throughout all the pmods of 
observation that the bearings observed were vefy afatic. 
and in many cases very difficult to obtain. In actual* 
figures it is seen that in the majority of cases a ye^ 
.Tnaii percentage of the observed bearinp were withm 2 
of the mean value, and in many cases less than 26 pM • 
cent were within 6° of the mean. This greatly reduced 
accuracy is due to tho lareval^^e of the well-known 
night conditions in direction-finding, the ^treme* 
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flatness of tlie signal minima and the rapidity with 
which the apparent bearings changed making it 
impossible to aetermine any bearing in from 26 per cent 
to over 76 per qpnt^of cases. 

The observations recorded in Table 3 made on trans- 
<nfissions over the comparatively short distance from 
Teddington to Slough, show that for both day and night 
periods the extreme '•ariations are approaching the 
limits of accuracy of the iirection-finding apparatus. 
Of the ^otal observations made, amounting to nearly 
1 000, the maximum deviation is 1°. It will be noted 
that in this case there is a permanent error of about 
3‘6® which has been shown by observations on a 
portable direction-findar to be due to the site of the 
Slough station. 


type of aerial employed. The T and vertical typ^^ of 
aerial, which have no unbalanced horizontal currents, 
gave rise to errors in*^ observed bearings ranging up fo 
30-7°, and during the individual wefclcs’ tests it. was 
impossible to obtain a bearing at all in from 43 per cent 
to 86 per cent of cases. Doming the four weeks' tests 
carried out with^'thp invertCd-L aerials, the errors 
recorded were of somewhat larger order and ranged up 
to 75°. It is doubtful, however, if this is very signi¬ 
ficant, as the extreme observations which give rise to 
this figure were taken with very large angles of svving 
(from 80° to 140°). These figures make the readings 
very unreliable, and the observations would probably 
have been better classed with the no minimum ** 
variety. It should also be noted that the extent of 


Table 5. 


Summary of Night Observations made at Orford on the Transmissions from Teddington,* 


Week ending 

e 

Aerial used 

Number 

of 

Error oi 

Maximum 

Variation 

Percentage and cause 
of missed bearings 

r 

Percentage Variations from Mean Bearing 

Observa¬ 

tions 

Mean 

Bearing 

from 

Mean 

Bearing 

Absence of 
Minimum 

- 

Wandering 

Minimum 

Up to 1® 

Up to 2® - 

f' - 

Up to 6® 

Up t ih® 

lT/3/23 

T 

91 

degs. 

-1-9 

degs. 

+ 11-3 

per cent 

65-0 

per cent 
28*6 

per cent 
0*0 

percent 

14*3 

p«r cent ” 

14-3 

per cent 

14-3 

24/3/23 

t 

82 

-31 

- 2-6 

69'9 

15*7 

*13-3 

13*3 

W-s 

13-3 

2/6/23 

Vertical 

31 

-1*8 

+ 6-7 

64-8 

— 

3*2 


38*7 

45-2 

9/6/23 

Vertical 

52 

-2*2 

ESIBi 

44*2 

— 

9-6. 

26*9 

44-2 

63-8 


Vertical 

36 

-3*8 

+ 6-2 

47‘2 

• _ 

26*0 

^36*1 

60*0 

52*8 

23/6/23 

Vertical 

30 

+ 6-1 


60*0 


3*3 

3»'3 

10*0 

23*4 

28/7/23 

Free end to E. 

48 

+2-4 


64-6 

— 


8*3 

16*6 

20^*2 

4/8/23 , 

Free end to E. 

58 

-2-8 

t-37*8 

61*7 

— 

3*4 

&*2 

22*4 

ts 

Cl 

to 

22/9/23^ 

Free end to W. 

63 

-I-8-4 

t + 66*0 

39*7 

— 

6#3 


11*1 

36*5 

29/9/23" 

1 Free end to W. 

67 


t+76-4 

60*9 

— 

1*7 

1*7 

26*3 

29*8 

20/10/23 

T 

27 


6-7 

61-8* 

— 

22*2 

2^*9 

37*0 

4a* 2 

17/11/23 

T 

28 

+2-7 

-|-2d-7 

42*9 

• 

7*1 

10*7 

m 

32*2 

03*6 


* True bearing of Teddington at Orford » 240 * G® f Swing of extFeme readings =» 80 ®, « * t Swing of extreme readings = 140 ®. 


Reverting next to Tables 4 and 6 it is seen that 
the change of aerials at Teddington produces no dis¬ 
tinctive eflect on the bearings at Orford. The day 
Teadings show a total variation which is of the usual 
order fcr propagation over distances approaching 
loo ndies, and innevery ca^e all tile readings' axe within 
2° of the mean. The whole summary, in fact, shows 
a striking resemblance to the corresponding observa- 
tiofiS made in the reverse direction, vix. from Orford 
to Siou^, and this similarity, as contrasted with the 
^effects observed between Teddington and Slough, 
appears to indicate that the effects are not local ta 
either transmitting or receiving station, but are due 
to some variation in conditions over the path of 
"transmission. 

In a veay similax manner tiie readings taken during 
the nig^t periods (TaJ?le 5) do not show anything 
'^^T^tfnctwe'which can be^defirntely associated with the 


variation of. Orford's bearings at Slough v^y greatly 
forethe diffefent weelcs' summaries. 

The proportion of readings recorded as missed on 
account of the above absence of minimum is seen to 
range from 40 per ceirPto 66 per cent for the L aerials 
and is thus quite comparable with the corresponding 
figures for the T and vertical aerials. With adi the 
types of aerials enfployed it^wrll be seen that it is com- 
parativcfy seldom that more than 30 'per ceirt of the 
readings are within 2° of the mean value, or more than 
40 per cent within 6^ of the mean, 

^ 5. Conclusion. 

The general conclusion to be drawn from this experi¬ 
mental investigation is therefore that all attempts made 
to arrS,nge. the conformation di the transmitting aerial 
so as to prevent the •emission of rSdiation polarized iir 
such a manner t^at the^ electric field is horizontal and 
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magnetic field vertical, have been imsiiccessfnl in 
materially reducing the occurrence of night effects 
encountered at a ^distant direction-finding station. If, 
therefore,tEckersley’s theory of night errors is correct, 
the abnormally polarized component of the downcoming 
waves would appear to be due either to the reflecting 
layer not always being»hdrizontal, %r to the effect of the 
earth’s magnetic field in causing a rotatidh of the plane 
of polarization* oS the waves on reflection at the upper 
ionized layer.* 

It •should be remarked that the intensity of this 
reflected wave must quite often be greater th^ that of 
the direot wave, for it was frequently observed during 
the tests that the strength of signal in the maximum 
position of the search coil by day was less than the 
strength at night “when the coil was perpendicular to 

* See T. L. Eckersusy: Joc,*cii., p. 239 ; alsd W. H. Eccles; Chairman’s 
Address to Wireless Section, Journal J921, vol. 69, p. S^. 


this. FacJlng of the received signals at Orford was ^so 
noted with all the aerials employed at Teddington. 

These experiments were carried ou# for the Radio 
Research Board under the direction of the Committee 
on Directional Wireless, the members ^f this ConSmittee^ 
being as follows:—Mr. F. E. Smith, C.B.E., E.R-g. 
(Chairman ); Mr. F. W. Davey; Mr. C. E. Horton, 
B.A.; Capt. C. T. Hughes, I^C., R.E.; Dr. J. Robin¬ 
son, M.B.E.; Dr. G. C.Sgimpson, F.R.S.; Dr. R. L. 
Smith-Rose; and IVlr. O. F. Brown, M.A., B.Sc. 
(Secretary). 

The author wishes to acknowledge the valuable 
services rendered during this investigation by the 
following assistants:—^Petty ^Officer R. Taylor and 
Telegraphist G. A. Williams, at Orford; Messrs. R. H. 
Barfield, M.Sc., S. R. Chapman, B.Sc., and M. G. 
Bennett, B.Sc., at Slough; and Messrs. E. L» Hatcher 
and A. C. Haxton, at Teddington. 


THE N*ATVRE AND REPRODUCTION OF SPEECH SOUNDS (VOWELS). 

By .Sir Richard Paget, Bart, 

« 

(Lecture ddivered before The Institution, 20th March, 1924.) 


Human speech forms in a special degree a bond 
between the physicist and the electrical engineer. 
Talce, for example, the question of the range of human 
speech. The gibbon can be ^eard at a range of six 
miles, whereas under the best natural conditions the 
range of human speech is only of the order of half a mile. 
By the art-of the telephone engineer, however, the 
balance has been handsomely redressed, and, in 
America, the human yoke has been heard by cable 
at a distance of over 6 000 miles, while by wireless 
telephony transatlantic conversation is beginning to 
be possible. 

The atflazing development of the teie]ihone., ajd of 
cabled and wireless ' transmission of speech, has been 
produced to a large extent without any very close 
investigation of the mechanise by which the sounds 
were originally produced. But now, especially in the 
hands of the Western Electric Company of America^ 
refined analysis of the* nature qf speech sounds is 
being lyaade. A more intimate knowledge of the human 
acoustic mechanism may be of assistance to the elecixical 
»engineer, besides affording to the physicist a litde re¬ 
laxation in the course of his strenuous piitrsuit of the 

electron. . * 

The first scientific explanation df the differences 
between the vowel sounds was that given by W4Jhs, of 
Cambridge, in 1828, Willis showed that each separate 
vowel sound depeivicd on a characteristic felbnance .set 
up in the human mouth. H^ato reproduced a mmaber 


of vowel sounds by means of a vibrating reed (corre¬ 
sponding to the human vocal chords) and a tubular 
resonator. I will demonstrate this .effect means of 
a tubular resonator with a reed set in a plunger which 
moves up and down the tube so as to varj* the vowel 
sound produced when air is blown thro.ugh the reed. 

About 1834 Wheatstone at King’s College, London, 
made his talking machine—on the lines of one previously 
made (about 1760-1770) by de Kempelen, but with 
various improvements. In this device (exhibited by 
the courtesy of King’s College) Willis’s tubular resona^r 
is replaced by a cup-shaped cavity and the vowel sounds 
are produced by covering the orifice by the hand so as 
to vary its aperture. * 

In the sixties of last century Helmholtz furt^r 
developed Willis’s theory, but added the qbBervation 
that some vowel sounds depended op two characteristic 
resonances set up in the vocal cavity. He also devised^ 
the Helmholtz resonator. The late Lord Rayleigh 
clarified .the whole subject of the resonance of a oavity 
which was small in comparison with riie wave-length 
of its natural resonance, and he even il5ves|igated 
mathematically the behaviour of two Helmholtz resona¬ 
tors joined in series. The human voice appears to be 
entirely ,produced by Helmholtz resonance—not by 
tubular resonance of the wind-instrument type. • • 

As illustrating the principles of Helmholtz resonators, 
I have here three egg-shaped ^resonators, their cubic 
capacities being 186. 71) -and ^0 cm® and the diameters 
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of. their orifices being 25-26, 15-16-6, and 7* 6-8 mm 
respectively. All three models shown give the same note 
(512 ro) when Wowm as whistles by means of a.rubber 
tube, but the larger resonators produce vibrations of 
^greater amplituc^. "For this reason men, women and 
Q^dren, with voices of very different pitch (due to the 
different lengths of their vcfcal chords), can still speak 
alike, as far as pronunciation is concerned, in spite of 
the difference in size of their i^sonating cavities. 

In the. English language, at least, the vocal chords 
are not an organ of speech; they are a vehicle of speech. 
Practically all the essentials of the English language are 
found in whispered speech. [The lecturer then whispered 
the following : If I pu^my vocal chords out of action, 
by separating them as in breathing, so that the air that 
passes through my vocal cavities is not vibrating but * 
is merely turbulent, I can still spealc so as to be under¬ 
stood at a moderate range." The words wrere clearly 
heard thuoughout the lecture hall.] 

. ^ It was as if, in the beginning, man roared by nature 
in ^e open, but taught himself to whisper in the cave, 
and as if the essentials of language were first based on 
whispered sounds. Then, perhaps, came the discovery 
that if the whisperer roared at the same time, the roar 
acted as what would now be called a " carrier wave " 
for the whispered sounds. 

This ingenious device has not yet been developed to 
its logical conclusion, and therefore almost all languages 
still consist of a jumble of voiced and unvoiced sounds. 
These differ enormously in carrying power. 

Experiments which I have carried out with Miss Sylvia 
Paget show that in general the effect of voicing a vowel 
sound is to increase its carrying power from 10 to 20 
times, as compared with the range of the corresponding 
whispered or unvoiced sound. 

There is, J[ believe, only one language in which the 
roar and tlj^ whisper are perfectly combined—^in other 
words, in which all the sounds are voiced—and that is 
the «dialecir of my native county of " Zummerzet." In 
that dialect all the sounds have a carrying power of 
the same order, besides all having the added beauty of 
musical inflection and melody. The " Zummerzet" 
dialect ought without doubt to become the standard 
form of English for all telephonic and broadcasting 
purposes I 

Tn investigating the nature of human speech it is 
obviously simplest to start (as other investigators have 
done) with whispered speech. 

olt^appears that in the case of every vowel sound the 
vocal cSvity is producing two audible resonances. 
Some of these double resonances can be made audible 
by clapping the hands in front of the mouth, so as to 
drive air into it in sharp puffs and create resonance ; 
and rtthe upper and lower resonances can be varied 
independently so as to produce two scales in contrary 
motiou. 

^The resonances heard in my own voice are shown 
in Fig, 1. It will be noticed that the two resonances 
of the vowel sounds e (men) and n (earth) have similar 
■'intervals (measured in semitones), also se (hat) and 
U (put), and that a (np), a (calm), n (not), o (all), 
o (know) and u (who) p^ij^iave approximately the same 
interval .between their upper and lower resonances.^ 


This suggests that the vowels of the three series might be 
phonographically transformed or translated by.varpng 
the speed of the record*; as has been 4one by fteece and 
Stroh {Proceedings of the Royal Society, A, IS^^Q, vol._ 28, 
p. 358) and D. C. Miller (" Science of Musical Sounds,"' 
p. 232). 

I will illustrate the translafio® of e (men) to (earth),, 
or ae (hat) toTJ (put), and. of a (up) to a (calm), n (not), 
0 (all), o (no) and u (who), by meairs <^f records of the 
three original vowels made on tlie dictaphone, the 
transformation being produced by appropriately re¬ 
ducing the speed of the revolving cylinder. 
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Fig. 1. —Resonances in Sir Richar<!? Paget’s voice. 


Ei^jperimenijs with an artificial pla^dne mOuth show 
that the double resonances are produced by what are in 
effect two Helmhol-Jf resonators in series, one beliind the 
tongue and the other in |jf:ont of it, the tongue operating 
as a movable stop of variable aperture. The two^ 
resonators are found to react on one another (as had 
been already indicated by Lord Rayleigh), but in the 
human mouth the necessary correctionseaife performed 
automatically. „ 

I propose to blow, on Lord Rayleigh’s demonstration 
organ (lent Uy the Royal Institution), plasticine resona¬ 
tors fitted with^rgan reeds and tuned to the resonances, 
of the vowel sountls a (calm), e (men), I (it), o (all) and 
U (w^o) ; also to blow other vowel models by mouth. 

The •conclusions arrived a# are; (1) Whispered 
vowels arf due to aix^passing through two Helmholtz 
resonators in series ot iif parallel; (2) voiced vowels 
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are produced by substituting vibrating air for a simple 
air-stream; and (3) Willis’s fixed-pitch theory is con¬ 
firmed. • 

The dguble-cesonant character of all the English 
vowel sounds was published in Nature in March 1922. 
In April 1922 the idea suggested itself that these double- 
resonapt vowel sounda riJight be i^oduced electrically, 
by substituting electrical resonating circuits for Helm¬ 
holtz resonatgrst Dr. Eccles promised to try the 
experiment. Before the opportunity occurred, however, 
the idea was independently evolved, and the experiment 
tried—with success—by Mr, John Q, Stewart in the 
Research Laboratory of the Western Electric Company 
of America. 

Stewart’s letter to Nature of July 1922 gave a diagram 
of his circuits (see Fig. 2) and stated :— 

” Appropriate adjustments of the resonant circuits 1 
and 2 were observed to result in the production of all 



Fig. 2.—Qrcuit used by Mr. J. Q.^Stewart. I 

the various vowels and semi-vowels in turn. Alterafion 
of the frequency or damping of either resonant circuit 
was observed to result in alteration of the vowel pro¬ 
duced. The frequency of interruption, which wjs the 
group frequency of the recurrent damped oscillations, 
was observed to determine the pitch of the vowel j but 
it did not determine what ^^owel was produced. It 
was found possible to produce the whispered vowels 
with interruptions that were non-periodic. 

“ The first three vowels given ip this table are each 
characterized •by a single train of recurrent damped 
oscillations; the remaining three are characterized by 
two trains of recurrent damped oscillations.” 

Dr. Eccles’s experiment, which was first shown at -tiie 
Royal Institution in 1923, differed in several interesting 
respects from Stewart’s. In Dr. ECcles s arrangement 
(see Fig, 3) there were two sending circuits ^ch of 
which could give six •frequencies of different amounts 
over one million* per second.^ The receiving circuit 
oscillated at one million pef second and therefore sent 

VOL. 62* ^ * 


to the lou^l-speaker heterodyne beats at audible frequency 
corresponding to the difference between one million and 
the two sending-station frequencies Respectively. In 
the apparatus here shown, the interrupter which repre¬ 
sents the ” larynx ” is connected io jjie sending*circuitp 
so that these are brought into action alternately*; •sgid 
persistence of audition in*the human ear combines the 
two alternate frequencies intc^a single vowel-like sound. 
[The vowel sounds i (elt), o (all), e (men), u (who), 
a (calm) and u (earth) were then reproduced.} • 

The experiments of Stewart and Eccles respectively 
give good confirmation of the theory of double resonance, 
though Stewart’s apparent production of a (calm), 

0 (all), u (who) by single resoi^nce needs explanation. 

There is another respect in which a clo^e analogy 
exists between the phenomena of acoustic and electrical 
transmission of vibratory energy—^which -has been 
pointed out by Mr. Rollo Appleyard, who wrote:—; 

” We are learning to think electrically. The reason 
for this is that the various factors that enter into 
calculations in electrical circuits can be more ^sily 



Fig, 3.—^Arrangement used by Dr, W. H. Eccles. 


measured, and isolated from one another, than is possible 
with their mechanical or acoustic analogiesr—when free, 
forced, coupled and compound vibrations are taken 

into account. , 

Your vowel-resonators are a case in point. Their 
determining characteristics are, in general parlauipe, 
their shape, volume, and material. If we tjiixk electri¬ 
cally, however, we realize that the^r, their contents, and 
their surroundings, must be defined ultimately in terms 
analogous to the four cardinal attributes: resistance, 
inductance, capacity, and leakance. Hence, we e:Js^.mine 
them, and their associated acoustic system, for their 
equivalents: friction, inertia, elasticity, and,slip or 
leakage. Further we are led to realize that these may, 
in some Qircumstances, be variables, depending upon 
* frequency ’ and that we are consequently concerned, 
in our energy equations, with ’ effective ’ values of th^ 

four cardinal attributes. . . j xv 

Thanks to the work of Newton, who associated the 
transmission of sound with t&e motion of the pendul^im 

• ^63 
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g^3iV6 IIS 'the earliest conception of en elnstfc medium 
through vsrhich pulsations are transmitted by successive 
condensations jEid rarefactions {“ Prindpia," Second 
Part, Section VIII), thanks 'to the 'work of Lagrange 
J CEuvres.” vol. 79) who solved the problem of a 
vibrating loaded catenary, and to the labours of Fourier, 
who, in 1822, taught physiSists how to calculate the 
flow of heat along a mefeil bar, the way was prepared 
. o Blakesley, Ray|feigh, Heaviside, Pupin, 

Sreisig, Plemmg, and others to interpret the riddle of 
trans^sion, and of the attenuation of oscillatory 
dectric currents of ‘ frequencies' 'within speech limits, 
through extended conductors. For any given 'fre- 
quency ’ the result is qpw dearly expressed in terms 
of those ^ame four cardinals: resistance, inductance, 
capacity, and leakance. 

" In recent years, yet another step has been taken. 

I IS now realized 'that, in order that a current impulse 
may pass from one section of an electrical network to 
anot^r, with minimum loss of energy, and with minimum 
disttortion, the characteristics of the one section 
expressed m terms of what I have here (for distinctive¬ 
ness) caUed the four cardinals, must as nearly as possible 
rewmble the characteristics of the other, in like terms. 

a surface of transition there is energy-loss, unless the 
dmractenstics on each side of that surface are irlRnfical 
At an mterme^ate surface of transition, there is to 
gen«al, r^ection and attenuation; and at tlie end 
surface, th»e is, in general, reflection, to account for 
tne energy-loss. 

relationships, 

develop a broad generalization which shaU link acoustics 
and electrical transniission with mechanics, and thus 
complete the picture ? 

telephone diaphragm the translation of 
liM»alTeady been analysed by A. E. Kennelly 

(see Proceedings of the American 
Academy of Arts and Sciences, 1912, vol 48 p 113) 

i»iininating study of the ener^' problem 
indudmg a summary of this work of Kennelly and 


Herce, will be found in the Kelvin Lecture delivered 

Professor J. A. Fleming to the Institution of ElectriMi 
Engineers on May 10, 1-02,3.'' r^rectrical 

The task of measuring the four cardinals in the ca-M 
of acoustic systems, so tliat their performance can be 
predicted ivith the same certainty as tliat of their 
electneal analogies,, offers milcU opportunity of useful 
acoustic reseatch to the^physicist. 

Returning now to human speecli, it ig safe to affirm 
that the consonants are as essentially mu.sical as the 
voweIs--that they are also Helmholtz resonator effeefr 
—but tliat they differ from the vowels in bein^ 
more complex and particularly in having fin manv 
instances) components of much higher pitch than the 
vowels. 

The consonants, or some of them, also differ from the 
vowels m another respect, namely, that they depend 
for toeir effects on our ears upon the rate of change of 
the frequency of tlicir component resonances 
The vibmtion of the air in a .system of resonators 
may bo set up by a vibrating diaplftagm. Thus aft 
electrioilly-clriven diaphragm (tliat of a " cleai’-hooter " 
hom) in which the horn has been replaced by a double 
r^onator can bo progreasively changca so Ls.\o sound 
the word away"—by varying the drea of the fron^ 
orifice by hand. ^ 

A variable double rasoiiator may even be made by the 
working in conjunotion with an 
Mfaficial air-Wown larynx of variable piteli, as in my 
device, the Cheirophone.'^ * ^ 

I will blow this first by»belloq(s to demonstrate the 
production ^ tlie various vowef sounds and suKsequently 
by month to produce artificial speech—the latter rc- 
qiunng a more exact timing of the air supply 
[The names "Oliver r.odgo" and " Vernon Boys" 
were pronounced, imd the lecturer concluded with throe 
chc^, on the Cheiropliono, for " the Phy.sical Society 
on the ^asion of its Jubilee, not forgetting the great 
Inshtution m whose building the cclcbratioas arc being 
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NORTHOLT RADIO STATION. 

By* A. C. Warren, B.Sc., Student. 

(Abstract of paper read before the London Students* Section, 9/A May. 1924.) 


Summary. 

The x^per gives a brief description of the equipment at 
the Post Office Radio Station at Northolt, near H^ow, and 
a survey of some of the experimental investigations which 
have been carried out at fhe station, namely ;— 

(а) The installation of a 30-40*kW valve transmitter. 

(б) The design of a coupled circuit for the arc sets, 

(c) Trials on a Lorenz altematol*. 

(d) Investigation into the l;^sses occurring in transmitting 

inductances. 

(«) Tests on insulating materials. 


• • • 

* Description of the Station. 

Intfoduciory.'j--TLhj& Northolt Radio Station, is a 
mecUuni-power telegraphic relay station capable of 
working a continuous service ovei;a range of 1 000-2 000 
miles at speeds up to 60 words per minute. The 
transmitting eqifipinent consists of two arc sets and 
one valve set capal^le of delivering 16 and 30-40 kW 
respectively into the aerial. The tran^n&sion is con¬ 
trolled from the c5itral Radio Office, G.F.O. West, at 
which all reception is carried out. 

Aerial system .—^The main aerial is supported from 
three wooden lattice masts each 446 ft. high arranged in 
the form of an equilateral triangle of 650 ft. side. The 
lead down is taken from the centre of one side of the 
triangle and is led into the building through an insulator 
fitted in a glass window 6 ft. square. The eaith system 
consists of copper plates and strip buried under the full 
area enclosed by* the masts. The aerial constants are : 
Capacity, 7 000 jic/xF ; natural wave-length 2 000^ m ; 
resistance 2 ohms at 6 960 m. • 

Power supply .is obtained from the Uxbridge 
Power Supply Co. at 6 600 volts, three-phase, 60 periods, 
and is tr?insformdd down to 416 volts. Motor-gei^rator 
sets giving 650 volts and 110 volts (d.c.) are provided for 
the main and auxiliary supplies t^ the sets. The 
valve set is run from the a.c, sn^pply which is transformed 
up and rectified to give 8 000-18 000 volts (d.c.). 

Transmitting plant.---Th& arc sets are of the Elwell- 
Poulsen ty]pe and are designed for*a maximum input of 
40 kYi/". Under working conditions the arcs are mn 
through su coupled circuit, an input of 20-30 kW giving 
an aerial current of 46-65 amperea The overall efficiency 
of the arcs is 26-30 per cent. • * . . 

The valve set is equipped with a rectifying unit 
consisting of six silica valves which afe fed from a three- 
phase transformer, three-phase full-wave recti^cation 
being employed. Thfc oscillator unit comprises six 
silica valves or thi»e water-coolqd metal valves, and with 
the lattey an output of 30 kW gtves^llO aerial amperes. 


The overall efficiency is 60-65 per cent and the efficiency 
of the transmitting valves 76-80 per cent. 

The normal wave-lengths of transmission are 6 960 m 
for the arc sets and 6 780 m®for the valve set. Trans¬ 
mission is effected by means of marking ahd spacing • 
waves, the difference between the two wave-lengths 
being of the order of 60 m. 

Outline of the Development Work. 

Design and installation of the valve transmitter. 
work was commenced as soon as the arc sets had been 
installed. The design was necessarily largely experi-* 



mental, as no set of this power had pre^iously^ been 
attempted by the Post Office. Having in view the 
design of future high-power stations, the equipment was 
retained for experimental investigations. 

The circuit is a modification of Colpitt*s arrangement 
and is shown in skeleton in Fig. 1. Since the filaments 
of both rectifying and transmitting valves are fed from 
the three-phase supply, the only running machijaes. 
necessary are the air compressor for the Creed key and 
the air blower for cooling the valve sea]^. 

Two types of transmitting valve have been trmd, • 
namely, the MuUard silica valve and the Western Electric 
Co.*s water-cooled metal valve. The relative capacities 
of these are tabulated below. 


Valve 

Dissipatioa 

FulHoad 

output 

Maximum 
anode voltage 

FUament 

consumption 

SUica 

kW 

2*5 

kW 

7 

volts 1 

10 000 

• watts 
720 

Water-cooled 

10 

10 

10 000 

900 

• • 


Installation of a coupled circuit for the arc sets. A 
coupled circuit was designed and installed within^ a iew 
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r weel!?s of the station being put into commission. This 
had the effect of practically eliminating harmonic 
radiation, but ifiider certain conditions the circus 
became unstable. ^ 

e l he frequency tite oscillations generated is deter- 
mimefi by the resonant frequency of the circuit shunted 
across tlie arc. If a secondary circuit is coupled to the 

—UTO 



Fig. 2. 

* 

pritnarj' circuit (Fig. 2) it uiil be equivalent to an 
impedance* .^1 in the primary circuit, where 

= (i|/ii)(i?2-J^2)= (^2 (co^Lf^zl), 

.^3 being the reactance of the secondary circuit and 
the mutual inductance bet%veen the two circuits TW 
the frequency generated %viU be afunction of the coupline 
the secondary resistance and the mistuning of the two 



up to, and then beyond, 90®. In the latter case tlicro 
may be three frequencies corresponding to any one tiino 
/2 of the secondary circuit [see Fig. 3 (&)]. If such a 
curve is plotted from practical measurem<ftits iM)ecoinps 
discontinuous as in Fig. 3 (c), i.e. it is possible that f<.>r 
one condition of tuning betweeju primary and secoiidary 
circuits either one of<tw 9 frequencies may be gcnci'atoth 
depending upon the previous tuning conditions. 
Associated with the sudden frequency cfiawge at CD in a 
current and current-ratio change as indicated in Fig. 4^ 
in which the ratio between secondary and primary 
currents (4/h) is plotted against the natural froqiiency 
/2 of the secondary circuit. ® 

Moller* in his paper on ''The Theory of Ziohoii,'" 
discusses the theory of the coupled circuit and gives 
formulae and graphical methods for determining the 
frequency generated, the ratio ^)etween primary an<l 
secondary current, etc. ,The coupling which coiTcspond.s 
to a slope of AB equal to 90® [Fig. 3 (a)] is defined by 
Moller as the critical coupKng. Beyond this coupling 
the change in frequency takes place at resonance/ 
but IS drawn out beyond resonance between primary 
r 





Fig. 3. 
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the voltage being applied between the ends. Many 
lands of wood break down and burn at voltages below 
50 000, but American whitewood has been repeatedly 
tested aifd, afiftr a short run during which the residual 
moisture is driven from the wood, has remained cool 
•even when a voltage oifc 30 000—40 000 is applied for 
a,n indefinite period, &nd one ^anfjple tested to 66 000 
volts showed no signs of serious heating or breakdown. 
The usual form hi breakdown consists in a charring of 


the wood at points, not necessarily in contact with? the 
electrodes. This gradually spreads along the grain, 
linking up and finally causing a flash-over. Compara¬ 
tive tests between whitewood, pax^lin, bakeUte and 
ebonite showed that whitewood was superior to paxolia. 
and bakelite and compare^ favourably with ebonitS. 

In addition, numerous tests have been made on 
various kinds of granit^ poi%elain, etc., in connection 
with the Rugby Radio nation. 


PROCEEDINGS OF THE INSTITUTION. 


717TJI ORDINARY MEETING, 24 APRIL, 1924. 
(Held in the Institution Lecture Theatre.) 


Dr. Russell, President, took the chair at 6 p.m. 

The minutes of the Ordinary Meeting of the 10th 
April, 1924,•were taken as read aJlid were confirmed and 
signed, • . ^ • 

The President: Before presenting the Faraday 
Medal to Df. S. Z. de F,prr&ti, I shall call^pon Colonel 
Crompton and Mr. Partridge to say a few #rords. 

Colonel R. E. B. Crompton: In the very early 
'days we electrical beginners found that the best way of 
advertising the dynamos and arc lights that we were 
then making, was by travelling the country with portable 
.sets of arc lighting apparatufif, so that we were looked 
upon rather as scientific showmen than as engineers. 
We were paid for lighting the grounds of the Alexandra 
Palace, and Sydney Baynes, who is now th6 Borough 
Electrical Engineer at St, Pancras, was in charge of the 
apparatus. He told me that a young Inan had become 
very interested in the working of our plant: that 
young man was Ferranti. A ^ear or two later I met 
Ferranti again at \he time when we. were both hard at 
work trying to persuade the English public that the 
electric nght w^ far superior to gas*as it Imd no 
objectionable smell. We both found at that time 
that the hardest part of our work#was to induce a few 
leading men who had brainft, and at the same time 
.sufficient money, to invest a little of the latter in our 
respective first attempts at supplying electric light 
from central stations. • In carrying out this work 
Ferranti and* I started on distinct and se^^arate lines. 
He faced* all the troubles, and invented all the distri¬ 
buting gear to enable the alternating current to be 
•transmitted over a distance and conv^dfl at the users* 
premises, so as to allow’' tlie use of,the 100-volt Swan 
lamps that were then available. I, on my part, put 
down smaller stations and suppHed direct cuiirent at 
lower pressures, using* accumulators. We.lytn had our 
•problems, but wd»bo*th fouijd ttiat the biggest problem 
<of all was finance. I had^one a^vajitagc over Ferranti. 


He had to deal with the whole question of designing the 
power plant that he. employed, whereas I shared -the 
problem of the steam plant with that great genius 
P. W. Willans, so that in my case half the difficult 
problems were worked out for me by Willans. Ferranti 
was the first man to conceive the idea of a capital 
station placed in the most advantageous position to 
obtain cheap fuel supply and ample condensing water, 
and from thence to transmit at high pressure to 
interurban converting stations. He, therefore, is "the 
real inventor of the capital power station. • I tliink that 
Ferranti now sees that both of us played#our part, at 
any rate that the early stage at which I with my smaller 
stations was able to generate and distribufe at stich a 
cost that we could pay dividends, eventually greatly 
helped his ideas. I need hardly say more; Ferranti 
as a steam engineer, as a designer of pneratihg 
machinery, of high-pressure cables and of the distributing 
devices necessary with alternating current, was the 
man who did more than anyone else to start the electi^al^ 
engineering profession, and no one knows it better than I. 

Mr, G. W. Partridge: There is^an old saying. 

Honour to wdiom honour is due,” and I have always . 
thought that Ferranti never had the proper recognition 
which he should have had for the stupendous work he 
carried out 30 to 36* years ago. No one knows better 
than I the difficulties with which he had to contend 
and tlie marvellous way in which he overcame them. 
It was said by many in those days that Ferraifti was 
20 years in advance of his time, and that no^ood would 
come of his invention; but if we compare Ferranti's 
work 30 years ago with the most modem and up-to-date 
practice to-day we must all be proud that he belongs 
to this country. I think it may be of interest if I 
touch on one or "two things which Ferranti did in thosl^ 
very early days. In 1886 he first conceived the idea, 
and saw the advantage, of eunning transformers in 
, parallel, thereby making thf alternating-current system 
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seljp-regiilatitig. In those days when the system of 
generation and jpmsmission was at 100 volts, or at the 
most 200 volts, and when small stations were supplying 
small yeas in dilfer^nt parts of the cities and towns 
this country, Ferranti conceived the idea of the 
cfpftal station—the large station outside the inhabited 
area, on the river with ample water for* condensing 
purposes, and room for ^tensions and with no risk of 
receiving an injunction for Tuiisance. In doing this 
it became necessary for him to increase the pressure, 
and he increased it to 10 000 volts, or 60 to 100 times 
as high as any other pressure then in use. In order 
to carry this into effect it became necessary for him to 
design every detail practically from the engine up to 
the metens controlling the lamps. In those days there 
were no alternating-current meters and we sold the 
current dt so much a lamp per annum. Ferranti 
designed his generators—generators 10 times as large 
as any ottiers then in use in this country, and generating 
direct at 10 000 volts, which to-day is about the 
maxmium pressure for generators. Ferranti had to 
design every single detail himself, and in nearly every 
case he had actually to make it himself. Having got 
his l^enerating station to work, he found that the cables 
which had been supplied by an outside contractor were 
quite inadequate to run at such a high pressure and 
broke down continuously. Most engineers would have 
been in despair, but Ferranti immediately set to work 
to design his *own paper-insulated cables, 14 miles of 
which are still in use running at a pressure of 11 000 
volts. What do we find to-day ? In the most up-to- 
date practice all cables, whether used for high or low 
pressure, are paper-insulated—exactly the same insula¬ 
tion as Ferranti used in those early days. A well-known 
engineer recently remarked to me, "Well, Ferranti 
must be a >fery old man now." Does he look an old 
man ? I tdld this engineer Ferranti's age and he was 
dumbfounded that any one man at the age of 20 or 
thereabouts should have conceived and carried out such 
stupendous work. It is a great pity that the British 
electrical industry did not take advantage of Ferranti's 
genius and so get a start of all other countries, but this 
was entirely due to Government legislation. If there 
had been a medal for valour in those da 3 rs to 

^ th| much-coveted Victoria Cross, Ferranti would surely 
have been given it for his courage and perseverance 
in the face of engrmous difficulties. There is, however, a 
medal given by the Institution which confers the highest 
p<fesiWe Jionour it can give, and eveiy»-one will agree 
that in presenting the Faraday M^dal to Dr. Feiranti it 
is being %iven to on^ who is in every way worthy of it* 

• 'The President: In his Presidential Address* to 
the Ii^titution in 1910, Dr. Ferranti advocated electricity 
eyer 3 ;where and for all purposes. During the 36 years 
since I firs^ met him, I know of no one who has striven 
hjyrderbr more successfidly to advance the applications 
of electrical science. This is exactly the object for 
which this Institution was founded. It is natural, 
ttj^ofore, that we should all delight to honour Dr. 
Ferranti. 

The President then presented, in the name of the 
Institution, the Famday Medal to Dr. Ferranti. 

Jmmal lail, v©I. 4G, p. 6 . • 


Dr. S. Z. de Ferranti: I cannot express how deeply 
I feel the honour whicji has been conferred upon me 
by the Institution. Going back to -those very early 
days about which Colonel Crompton has^spokSi, I have 
alwa}^ appreciated, and have never forgotten, the 
very great effect which the* obtaining of knowledge 
from those wl^ werff ac^ally engaged in the production 
of electric light had upon me. Colonel Crompton and 
his assistants freely showed me all that they were doing 
and gave me all the information they could, so that I 
had the first chance of acquiring that loiowledge which 
was so necessary to me afterwards. Later on I derived 
the greatest possible help from being allowed as a boy 
to work with Mr. Sydney Baynes, Colonel Crompton's 
chief assistant in the installation of the electric light at 
King's Cross terminus. «As the President has mentioned, 
I have for a very long time striven to increase the 
applications of electricity. I take this Medal as a com¬ 
pensation for my failures and as an encouragement for 
further work in this same gSod cause. J wish to remind 
you all, as I endeavoured to do in my Presidential 
Address to the Institution in 1910, that we cannot 
have too much electmcity. In that Addipess t attempted 
to show what should be done and the course that should* 
be followed. I feel that although electricity has gone 
very far and its application is enormdbs, the progress 
since 1910 is somewhat disappointing. I think "that 
this is largely due to* the fact that there lias been no 
fundamental reduction in the cost of generating electri¬ 
city. Electricity supply has become a very complicated 
business, an^ I feel that in \he#fufure the process must 
be greatly siiiiifiified. I wish to remind members of this 
Institution, and electrical engineers generally, that the 
electrical engineer's work along tliis one line alone will 
only be approaching completion when there is no more 
combustion carried on for either power or heat within 
populous areas. I am more than ever persuaded that 
eventually we shall use electricity for all the services 
which are now served through the burning of some kind 
of fuel within such areas. Electricity, even to-day, is 
the great labour-saver. Electricity ujider those condi¬ 
tions would be an immensely greater labour-saver and I 
feeJ that discoveries w^ be madte which will enable us 
to generate electricity much more cl^eaply aud so bring 
in its train the other simplifications connected with 
electrical sujiply and make such ^ a system that 
electrlfcifcy can be furnished for all our wants, as I have 
just explained. Even though I feel that I, myself, 
can only accomplish very little, I shall hope so to 
encourage others and e^bite their interest that they 
will work on this subject and eventually bring it to 
success. In conclusion, I should^ again like to say how 
much I appreciate tffb honour Vhich has been conferred 
upon me by the presentation of this Medal.* I appfteciate 
it now, and for the rest of my life 1 shall continue to 
appreciate it jjist as much, 

Mr. G. Sem^enaa then delivered the Fifteenth Kelvifl 
Lecture entitled * Kelvin and the Economics of the 
Generation and Distifibution of Electrical Energy 
(see pft^ 682). A vote of thg.nks to the lecturer, 
propose? by, Mr. W. M. Mordey and seconded by 
Mr. R. T. Smith, wasjeagried with^acclamation, and 
the meeting tenninatec^at 7.6^3 p.m. 
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39th meeting of THE WIRELESS SECTION, 7 MAY, 1924. 
(Held in the Institution I^recture Theatre.) 


Mr. £. H. Shaughnessy, Chairman of the 

Section, took the chair 6 p.m. 

The* minutes of thef meeting^of «the Wireless Section 
held on the 2nd April, 1924, were taken aS read and were 
conhrmed undesigned. 

A paper by Mr. L. C. Pocock, B.Sc., Associate Member, 


entitled " Faithful Reproduction In Radio-Telephony 
(see page 791), was read and discussed. • ^ 

On the motion of the Chairman a vote of thanks to 
the author was carried wijh acclamation, and the 
meeting terminated at 8 Jp.m. 


62nd annual general MEETING, 8 MAY, 1924. 


^ . (Held in The Institution Lecture Theatre.) 


Sir James Devoxishire, K.B.E., Vice-President, 
took the chair at 6 p.m. • 

The Chairman : The President is representing the 
Institution to-night at the Annual Dinner of the Iron 
and Steel Institute and he has asked me to preside at 
this meeting in his absence. 

The ijptfce cdhvening the meetirig was taken as read. 
'The minutes of •the Ordinary Meeting held on the 24th 
April, 1924, wer^ also taken as read and were confirmed 
and sighed. 

A list of cgmdidates for election^and transfer, approved 
by the Cou^lcU for ballot, was taken as read and was 
ordered to be Suspended in the Hall. 

Messrs. A. W. Myshallgund R. W. Hughman were 
appointed scrutineers of the ballot for the^election and 
transfer of member^ and, at the end of th? meeting, the 
result of the ballot was declared as follows :— 


Elections. 

Members. 

McNicol, Archibald John. burner, Edgar Perceval. 
Associate Members. 


Armstrong, Reginald Basil. 
Ash, Arthur Staniey. 
Baxter, James MacGo’^an. 
Canning, Sidney, B.Sc. 

(Eng.). • 

Chiba, Shigetaro. 

Clerk, Gfiorge Brownlow. 
Connor, Robert. 

Drape, Stanley. 

Dymond, John Drayson. 
Green, Alexander Hender¬ 


son. 


Hargreaves, Tom. 

Jones, Reginald Cleveland. 
Kitchen, Percy Inman. 
Leslie, George ITerlJert, 
Captain, A.E.C. 

Lloyd, Thomas. 
Mazoomdar# Tarak C^aran. 
Pantvaidya, Mahadev 
Vaman. 

5>ann, John Selwyn. . 
Raworth, Alfred. 

Webber, Ernest Clifford. 


Wigner, Sydney Howard, 
Graduates. 


Banks, Albert. 

Boddington, Frank Stan¬ 
field. 

Bradley, Robert Walter. 
Chase, Stephen Hayter, 
Downie, Christopher •Ed¬ 
mund. « • 

Galbraith, Reginald Arthur 
H., Lieut., R.C.C.S. 


Gardner, Geoffrey Harold. 
Gupta, Kristna Chandra. 
Halle, Chhrles Richard. 
Hobbs, flPercy George. 

Holt, Walter Raynmond K. 
Hudson, William.James. 
Leake, Wdliecd! Richard. 

► L'festrange, Wilton Old- 


Graduates —continued. 


Narasimham, R. D., B.E., 
M.E. 

Nunn, Darrell. 

O’Sullivan, Stephen. 
Philip, Archibald, B.Sc. 
Pocock, Hugh Shellshear. 


Stobbs, John Ge*>rge. 
Taylor, Harold Charles. 
Todd, William Mont¬ 
gomery. 

TufftU, George William. 
W^illiams,ThomasVaugihan. 


Students. 


Aschman, Geoffrey Donald. 
Atkinson, Sidney. 

Baldwin, Alfred William T. 
Barker, Frederick Albert. 
Barratt, Noel Marshall. 
Bennett, James Miller. 
Blizard, Charles Hillyer. 
Boardman, Tom. 

Boullen, Harold Godfrey. 
Campbell, Michael C. 
Carruthers, John Edward. 
Dowe, Henry George P. 
Durand, Pliilippe Henri R. 
Edwards, Sydney Law¬ 
rence, 

Elven, Robert Slade. 
Fames, Thomas Louis. 
Farnworth, Benjamin. 
Field, Arthur Henry M. 
Fryer, Harold Herbert. 
Gardiner, Robert Charles. 
Gibson, Thomas. 

Green, George Norman. 
Higson, Donald Hesketh. 
Holt, Philip John. 
Hubbard, Edward John 
E., B.A. 

Jones, Arnold Edward. 
Landsbert, Reginald Er¬ 
nest. 

Lucette, Philip Arthur C. 
MacCoU, ITugh Geoffrey. 
Mainar, Oswald Edwin. 
McWhirter, Eric Malcolm 
S. 

Middleton, SamuelCharles; 


Mitchell, Denys Lindley. 
Moffatt, Joseph Walton. 
Newton, John Alfred. 
Odling-Smee, Charles Wil¬ 
liam. 

Orchard, Frederick Charles. 
Parry, Herbert Watkin T. 
Perris, Frank^Robert,B.Sc. 
Pheasant, John William A. 
Pollock, Jack^Campbell. 
Porter, Frank.^ 

Potter, Jack, 

Prangnell, James Ernest. 
Rice, Edmund Stewaxt, 
Jun. 

Roberts, David Plarold. ’ 
Roberts, Frederick Walter. 
Roberts, Leonard Qrai^* 
Robertson, Pliilip Wliite. 
Salcr, Huseein Tewfik. 
Shaw, Thomas Fredericjc. 
Shields, Ernest Gerald. 
Showier, Thomas Hemry. 
Smitli, Cyril Blake. 

Tagg, George Frank. 
Turnbull, Frederick J.augh- 
lin. 

Vaughan, Alfred Bentley. 
Walter, Charles Lockhart. 
W^arrington, Eric. 

. Webb, Frederick George. 
Wliarfe, Lawrence EdwarcJ. 
'Whitcher, Athol Eric J. 
Willard, Leslie Albert. 
•Williams, Harold. 
Williams, Jamec Re^c. 
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Transfers. 

Associate Member to Member. 

Cave-Brown-Cave,^ Nigel Myers, Ernest Robertson. 
% Frederick, Capt^ b!s.c. Regnauld, Alfred, B.Sc. 
Cliy^on, Albert Edmund, Sharp, Harry Gilkes. 

Sims, John Walter. 

Dawson, Boyd. Wilkinson, Arthur Row- 

Hilder, Walter Trevethan. iland. 

^McKinnoifJ Ernest Cyril. 


Graduate to Associate Member. 
Anderson, John. 

Dennis, William Edwin. 

Dunbar, Beslie. 


MacEwan, Lewis Barclay, 
B.Sc. 

Nixon, Thomas Edgar B. 


Student to Associate Member. 

Esmond, Leslie Purcell. Jolly# Edward Ernest. 

Ferguson, Alexander Dal- Lyon, Edwin. 

steel, Harry Gordon. 

Heritage, Hubert James E. Topley, Harry. 

Associate to Associate Member. 

Sloan, George Andrew. 


Student 

Burgum, William Thomas. 
Deedes, John Gordon, 
M.B.E., Capt., R.C.S. 
Gerry, Lionel Frederick. 
Latham, Ashton. 
McLennan, Roderick Ar¬ 
thur. 


to Graduate. 

Millington, Stanley. 
Ogilvie, Harold Erskine. 
Verity, Conrad Edward 
H. 

Wellsteed, Albert Edward. 
Wright, George Thomas. 


Messra. Re Gnerson, F. Pooley and Captain R, J. 
Wallis-Jone<^ were appointed scrutineers of the ballot 
for the election of new Members of Council. 

TKe foU^vving lists of donations were taken as read 
and the thanks of the meeting were accorded to the 
donors. 

Messrs. George Allen and Unwin, Ltd • 

Royal; Messrs, e! 
Benn. I^.; C. Boileau ; the British Cast Iron Research 

Engineering Standards 
M Department of the Interior, 

^ada, Chapman & Hall, Ltd.; the Chief 

Experimental Establish- 

■’ Constable 

’■ D^ector-General of 
.Posts and Telegraphs, India; Dr. C. V. Drvsdale 
O.B.E.; C. F. Elwell; Dr. J. A. Flemine F^F <! • 
B. Ha^e; K. Hedges; F. L. Henley; the Imperial 

Institution of Sting 
Md Vaotilatmg Engineers (Incorp.); the Institution of 
Royal Enpneers, Chatham; the International Electro- 
techmcal Commission; A. C. Jolley • Dr A E n 
E. T. ; P„,. M, Sfacli; ftolE w : 

■Messrs. Marconi International Code Co Ltd • T w’ 

Meares, C.I.E.; the Meteorological ^ce WJ; 

Narayan; the National. Electric Lamr, A ■ I’- 
OM,; 


Pitman and Sons, Ltd.; Purdue University; J. H. 
Re)mer; Dr. A. Russell, F.R.S.; Dr. E. Sacchetto ; 
M. G. Say; H. G. Solbmon; Dr. S. B. Smith ; Messrs. 

E. and F. N. Spon, Ltd.; S. G. Starling*^, C. F. Wade ; 
Prof. Miles Walker ; and Messrs. Williams and Norgate. 
Benevolent Fund (see list of Ponations on page 480). 

The Ghairman, after^ireviewin^the work of the ^ssion, 
moved That the Annual Report of the Council ♦ for 
the year 1923-24, as presented, be receiV'ed^and adopted.*' 
The resolution was seconded by Prof. E. W. Mar- 
chanty D.Sc.y and comments and suggestions Vere 
made by Mr. W. R. Gooper, Mr. J. J. Stewart and 
Mr. F. W. Purse, to which the Chairman replied as 
follows:— 

The Ghairman : Mr. Cooper may be assured that the 
improvement of the lighting of the Lecture Theatre 
is very much in hand. I cai?i assure Mr. Stewart, 
who spoke in regard to the Electrical Appointments 
Board, that the sense of his remarks will be transmitted 
to the proper Committee.^ We are ipuch obliged t 9 
Mr. Purse for taking notice of the work of the Council 
in obtaining the privilege for the members to use the ^ 
title ** Chartered El^trical Engineer." ^ r c 
The Report was then unanimously adppted. 

Mr. P, D. Tuckett (Hon. Treasurer) : It is yOur 
misfor^ne that the Bye-Laws have de{)rived, you of so 
exceptionally capable an Honorary Treasurer as' you 
possessed in Sir JamSs Devonshire, but T am glad to 
say that the inherent vitality of tlie T,pstitution enables 
me to submit a Statement of Accounts with which t 
think the members have e'^er}?^rdason to feel satisfied. 
The ye^'s Igicbme shows an increese of £696, and the 
Expenditure a reduction of £5 020, omitting the various 
Reserve provisions at the foot of the Accounts. The 
increased Income is mainly due to an increase of £1 000 
m subscriptions, offset to the extent of £394 by reduced 
Entrance Fees and to tho extent of £141 by reduced 
Dividends and Interest. The reduced Expenditure is 
spread over a number of items. First, there is the 
ehi^atidn of the following special items which appeared 
Accounts, viz. H.M. Office of Works, 
£222 ; Commenforation Meetings, £225; War Memorial, 
m; Faraday Medal, £113 ;• Thompson Memorial 
Library, £32; and there is also a reduction of £286 
m the expenses incidental to the Royal Charter. Next 
there axe gratifying reductions of £5?6 in Majiagement 
Exp^se^ of ^87 in the various items under the heading 

of of £336 in Mortgage Interest, 

of »«3 in tte net c«t of the Journal, of £28 in the cost 
of the iMtitntion Meetii%s, and of £326 in the cost of 
toe LocM Centres; and, lastly, there is the large reduc- 
tion of £1 067 in the net cost of Sciemc Abstracts, and 

of “St 

amniiT,* • ’^osulting from an increase of that 

^ount in the rents p^d by our tenants and deducted 

to £q 474 amounted 

For'^th £2 491 in the previous year. 

building is fully let, 

rested for^ portion of the building 

rvid for Institution purposes is enjoyed by us at 

TheWuction inV nVeoS 
J umal is due ti^at^increase ol £1 413 from Sales 

See 526. 
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and Advertisements, and a similar increase of £1 360 
accounts for the reduced cost of Science Ahstfocts, In 
1921 Science Abstracts cost us £978, and in 1922 £1 084, 
whereas iJiis le®t year we were called upon to find only 
£27. I tliink that the Committee controlling the 
publication are to be congratulated on this very marked 
improV’ement, which I? hope we^sh^U see^maintained in 
the current year. Referring to what 1 have called the 
Reserve provisions at the foot of the Revenue Account, 
it will be seen that £4 600 has been applied to redeeming 
the bhlance of the mortgage on the Tothill-street property, 
as compared with £3 000 applied to its reduction in 
the previous year, while £1 701 has been spent on 
Furniture, Fittings and Apparatus, as compared with 
£718. There is no very material difference in the other 
items, but it will be noted wy:h satisfaction that the 
Balance carried to the General Fund in the Balance 
Sheet is £3 957, as cpmpared with £862 a year ago. 
For the current year there will be a decrease of some 
f3 600 in the yicome from* subscriptions, consequent 
on the reductions which were sanctioned a year ago and 
which came into force at the beginning of tliis year, 
but I h(?pe*thattthis decrease may lie largely made good 
hy additional n^mbership, by the increased rents now 
being paid by our tenants, by increased sales of the 
Journal, and ad-^ertising receipts, and by the return on 
the accumulated surplus of last year. Turning to the 
Balance Shlet, it will be seen, ^as mentioned in the 
Report, thsft .ta]^g the Tothill-street property and 
the Investments,at cost, and the Institution Building, the 
Library and the Funfiture it their written-(Jown values, 
the Assets amount «to £146 239 ; and deducting from 
this figure the outstanding mortgage of £14 801 on 
this building, and the other liabilities aggregating 
£5 038, there is a net surplus of £126 399, showing an 
increase of £11 000 over the corresponding figure a 
year ago. This gratifying resuit affords striking evidence 
of our strong financial position and, if the progress of 
the industry is what I believe we have every reason to 


anticipate it will be, should ensure our ability to fake 
advantage of the enlarged scope for ou^many activities. 
The various items in the Accounts have been dealt with 
on the same lines as before and appear: to me to^call for 
no special comment, and I do not pJopose therefore td 
take up time by reviewing the detailed figures, bu^ I 
shall of course be glad to furnish any explanation of 
them which any member may desire. . As indicated m 
the Note at the foot of ?he Accounts, the Investments , 
are taken at cost and show some depreciation, but I 
am glad to say that it now amounts to less than £1 000, 
so that those members who are optinnstically inclined 
may justifiably hope before very long to see the Invest¬ 
ments worth the figure at wMch they stand. That is 
all which I have to say on the Accounts, but I should 
like to take this opportunity of expressing my grateful 
appreciation of the extremely careful and businesslike 
way in which they are kept by the Secretary and his 
staff. I now formally move : “ That the Statement of 
Accounts and Balance Sheet for the year ended 31st 
December, 1923,* as presented, be received and adopted.*' 
The resolution was seconded by Mr. F. Pooley and, * 
after the Chairman had replied to comments by 
Mr. F. W. Purse, was unanimously adopted. • 

The following resolution, moved by Mr. W. R. 
Rawlings and seconded by Mr. A. H. Allen, was 
carried with acclamation : " That the best thanks of 
the Institution be accorded to the following officers 
for their valuable services during the past year: {a) 
The Hon. Secretaries of the Local Centres and the 
Local Hon. Secretaries and Treasurers abroad : (b) The 
Hon. Treasurer (Mr. P. D. Tuckett).” 

Captain R, J. Wallis-Jones then ii(Loved '‘That 
Messrs. Allen, Attfield & Co. be appointed Auditors for 
the year 1924-26." 

The resolution was seconded by Mr. W*. E, Rogers 
and carried unanimously. 

The meeting terminated at 6.40 p.rn. 

* See page 636* 
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* Scholarsliips. 

^ The following Scjholaxships lave heen awarded by the 
Council for 1924-26 :— 

David Hughes Scholarship (value £50). 

H. E. W. Tumath (Belfast Municipal College of 
Technology). • 

Salomons Scholarship (vcdus £60). 

E. Yoiftel (Liverpool University). 

Associate Membership. 

O&ndidates for Associate Membership are reminded 
that they may present a thesis in lieu of taking the 
A.M.LE.E. Examination. Members are asked to bring 
thi^ fact to the notice of anyone intending to apply for 
admission to that class. 

Third International Conference on E.H.T. 

. Supply Systems. 

The Council have decided that die Institution shall 
he represented at the above Conference, to be held at 
Paris next June (see page 816), and the following British 
.National Committee has been set up to co-operate with 
the French Committee, to co-ordinate the work of the 
British representatives, to watch British interests, and 
to arrange for the submission of reports to the Confer¬ 
ence. The,^British Dominions are to be invited, through 
the Institution's Local Honorary Secretaries, to nominate 
reprssentatives to attend the Conference. 

British Committee. 

W. B. Woodhouse (Chairman), 


J. R. Beard 
T. Bolton 
N. E. P. Harris 
A. Jacob 


R. Borlase Matthews 
E. Parry 
G. V. Twiss 


The of the Papers Committee, and represen- 

^ tative^ of the following:— 

* 

The Electricity Commissioners. 

The British Electrical and Allied Manufacturers' 
Association. 

The Cabje Makers' Association. 

#.,The British Engineering Standards Association, 

The British Electrical and Allied Industries Research 
Association. 

^ The General Post Office. 

The Incorporated Municipal Electrical Association. 
The International Electrotechnical Commission. 

The Incorporated Association of Electric Power 
Companies. 


The Benevolent Fund. 

The following is a list of the Donations and Annual 
Subscriptions received during the period 26 Sep¬ 
tember-25 October, 1924:— ^ 

£ s. d. 

Bloome, J. (Manchester) .2 6 

Farrer, M. (Twickenham). 5 0 

French, A. J. (London) . 10 6* 

Gibbins, J. (Newcastle-^n-Tyne) .. .. 2 6 

Gilbert Club (per Mr. C. E. Benham) .. 40 6 11 

Lisle, G. S. (Gateshead^on-Tyne) .. .. 6 0 

Smith, A. Eric (Tipton) . 110 

Smith, J. L. (Leyton) . ^ % 

Verity, G. (Birmingham) .. .. .. 110 

Walter, C. L. (Christchurch, N.Z.) .. 6 0 ' 

* Annual Subscription^ ^ 

f' 

The following have subscribed £6 ""or more in ©ne 
amount to the Benevolent Fund since its inception in 
1890;— ' ' ' . 

n / ToUU Subscribed 

to 2bih Oct.f 11)24. 

' , . ' £ s. d. 

Abel, Sir Frederick, Bart., F.R.S. .. .. 6 6 0 

Anderson, §ir James .. .. 26 6 0 

Andrews, W» ♦.... .. 62 10 0 

Aron, Professor H.6 6 0 

Aron Electricity Meter, Ltd. ,. ,. 10 10 0 


Abel, Sir Frederick, Bart., F.R.S. .. .. 6 6 0 

Anderson, §ir James .. .. 26 6 0 

Andrews, W» ♦. .. 62 10 0 

Aron, Professor H.6 6 0 

Aron Electricity Meter, Ltd. ,. ,. 10 10 0 

Associated Municipal Electrical Engineers 

(Greater London Centre).7 7 0 

Atkinson, LI. B, ..^.44 19 0 

Ayrton, Prof. W. E., F.R.S. 6 6 0 

Babcock and Wilcox, Ltd. 26 6 0 

Baihe, J?D.5 6 0 

Barnes, A. S.7 10 0 

Bazley, Sir Tholnas, Bart... 10 10 0 

Ball, Major Herbert, O.B.E. .. ^ .. .. 5 6 0 

Bennett, A. R. .. *..6 6 0 

Binyon, B., O.B.E. T. .. 5 0 0 

Bowden, H. W. .6 6 0 

Briti9h*Insula1:ed Wire Co., Ltd. . T .. ""26 5 0 

British Thomson-Houston Co., Ltd. .. 26 6 0 

British Westinghouse Co., Ltd.62 10 0 

Broomfield, F. H. . 660 

Brydon, S.6 0 0 

Buckingham, A. O. ,. 10 10 0 

" Building Trades' Gift to the*Nation "... 67 9 6 

Bumand, W. E. .• .. 28* 7 0 

Byng, G.*243 1 0 

Byng, M. .. t.19 19 0 

Cappel, Sir ASbert J. Leppoc, K.C.I.E. .. 10 0 0 

Cater, J. McI. . 10 10 0 

Chamen, W. A. .. ,, 11 11 0 

China Furniture and Electrical Fittings 
Manu^aqtijrers' Association , .. 26 6 0 

Chloride Electrical Stofagg Co., Ltd.*" .. 10 10 0 

Clark, Latimer, F.R.S. . 6 6 0 
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ToUd Subscribed 
to 2m Oct., 1924. 


o 

£ 

s. 

d. 

Clay, C. B. ..** . 

Clements,'*F. . 

11 

6 

0 

25 

0 

0 

Collins, W. 

Committee for Protectmii of Electrical 

8 

8 

0 

Interests .. . 

24 

9 

0 

Cooper, W. R. 

5 

6 

0 

Cornish, V. K.*. .* . 

16 

16 

6 

Cox, C. W. 

5 

0 

0 

Cromiptdn, Col. R. E. B., C.B. 

11 

11 

0 

Crookes. Sir William, O.M., F.R.S. 

5 

5 

0 

Cross, A. S. 

6 

1 

0 

Balias, J. D. 

60 

0 

0 

Davies, B. . 

27 

17 

6 

Davis and Timmins, Ltd. .. • .. ., 

10 

10 

0 

Deacon, M. .. . 

5 

5 

0 

Dearlove, J. A. L.• .. 

60 

0 

0 

Devonshire, Sir James, ^C.B.]g). 

23 

2 

0 

Dick, Kerr and Co., Ltd. 

Disabled Soldiers and Sailors Training Fund, 

26 

5 

0 

Guarantors of the . * 

23 

18 

4 

Donovailj^ H. C.* .. .. •. 

121 

6 

0 

Douglass, Sir James.. 

10 

10 

0 

Diigard Brothers 

6 

0 

0 

Dykes, A. H, 

8 

3 

0 

Ecclas, Dr. H., F.R.S. .. ^ . 

55 

0 

0 

Edgeumbe, 5^. . .. .. * .. 

49 

8 
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JOHN RICHARD BAINTON ’received his early 
training in Lo^jdqn and went to Australia about 1889, 
where for several years he was associated witli the repre¬ 
sentation of Messrs. Woodhouse and Rawson, of London. 
Later he joined Messrs. Edge and Edge, electrical 
engineers^ of Sydney, and whilst with them constructed 
and equipped a pioneer electric railway at Brighton- 
le-Sands, New South Wales. He also- introduced the 
electric lift into Australia, later becoming connected 
with the Standard Electric Eifevator Co., of Sydney. 
When Messrs. Dick, feerr and Co. secured the first 
contract for dlectric lighting plani: for the city of Sydney 
he became the company's Aij^ptralian representative, and 
s\ibsequently ws» associated with many large contracts. 
In 1920, arrangements were made by Messrs. Standard- 
Waygood-Hercules, Ltd. (which the Standard Electric 
Elevaton^ Co. htd become by ama%amation with other 
copcems) to m^Siufactute heavy electrical and steam 
machinery in Australia to the designs of the English 
Elec^c' Co., the Australian company taking the 
name of the English Electric Qo. of Australia, Ltd. 
Of this company*he w^as a managing director up to the 
time of his death. * As a director of Automatic Tele¬ 
phones (Australasia),JLtd., be introduced the automatic 
telephone to Australia,^ and he was aJso*one of the 
pioneers in the uselaf motor bicycles ancf motor cars. 
He was elected an Associate of the Institution in 1889 
and a Member in 1899, and was also a foundation 
member of The Electrical Association of New South 
Wales (since incorporated in The Institution of Engi¬ 
neers, Australia), serving as President in 1901 and 1902. 
He took a keen interest in the local volunteers and at 
one time commanded the company of .engineers 
responsible for military searchlight work in connection 
with the defence of Sydney. • G. B. C. 

; FRANCISCO BHERING w& bom in the Stat# of 
Minas Geraes, Brazil, on the 1st January, 1807, and 
adopted as his profession that of a civil engineer. In 
1896 he joined the staff of the Brazilia«L Govgrjjment 
Telegraph Department. His promotion was rapid and 
he became chief of the Sao Paulo District in 1901. In 
the same year he was appqjnted Brazilian delegate 
to the International Telegraph Conference held in 
London. He served in a similar capacity at the Inter¬ 
national Wireless Conference of 1J12, and, in fact, he 
may be described as the pioneer of wireless#telegraphy 
in Brazil., In lOlO he was appointed sub-director and 
in 1920 director of the technkal department of the 
Brazilian Telegraphs, and in 1*922 he be^jame director 
general of the Telegraphs, a positLoR which he held 
at the time of his death, which took place at Paris on 
the IZih April, 1924, when he was on a visit to Europe 
on account of his health. The early land line telegraph 
S3^tem of Brazil fpUowed the. cpast line, difti the wires 
suffered considerably from •cofrosion. Dr. Bheiing's 


most important work was the diversion of these li^s 
into the interior through virgin forests. In addition 
to his other duties, he was requested by th^ Institute i 
of Brazilian Engineers (of which he was a Fellow) to 
organize and complete a geographical map of Brazil to 
commemorate that country's centenary. He was one 
of the founders of the Engineering College at Sao. Paulo, 
and was Professor of the Engineering College of the 
Rio de Janeiro University.. He was elected & Member 
of the Institution of Electrical Engineers., in 1913,. 
The Municipality of Rio de Janeko, to honour and) 
commemorate his services, has given his nai^e to the. 
street leading to the Arpoador Wireless Station. 

R. R. D. 

LAWRENCE BIRKS, B.Sc., was educated at Prince 
Alfred College and at the. University of Adelaide, where 
he obtained his* B.Sc. degree with triple honours in 
In the following year he was awarded the Angas Engineen* 
ing Scholarship, which entitled him to three years' 
training in Great Britain. This period was spent at 
University College* London, and in the workshops and 
test departments of Messrs. Easton, Anderson and 
Goolden, of Erith, and of Messrs. Callender’s Cable Co. 
He served for a time as lecturer in electrical engineering 
under Prof. Silvanus Thompson at Finsbury Technical 
College, and also as assistant professor of engineering 
at Heriot-Watt College, Edinburgh. In 1900 he returned 
to Adelaide, and, after one session as lecturq* in electrical 
engineering at Adelaide University, was appointed 
assistant engineer to the Sydney electric tramways in 
connection with the reconstruction of Ultimo pow^ 
house and the installation of high-tension underground 
feeders and substations. In 1903 he was appointed 
city electrical engineer at Christchurch, N.Z., in connesa*^ 
tion with the first installation of electric power in that 
city, the power being derived from the destruction of 
refuse. In the following year he was appointed lecturer 
in electrical engineering at the Canterbury College, but 
after one session he took up the duties of engineer to the 
New Zealand Electrical Construction Co.,•a localcomgany 
formed for the purpose of constructing the Christchui^ih 
electric tramwaj^. On. ibe completion of tju* work he 
was appointed engincser of Rotoru§.. In 19 IQ, at the 
passing of the Aid to Water Power Act, he became 
assistant to Mr. Evan Parry, chief electrical engineer 
for the Dominion and, after assisting in the design of, 
and specifications for, the Lake Coleridge works, was 
transferred to Christchurch in 1913 to su^ier^e the 
consl^ction of those works and to manage the cotn*» 
merdal side of the undertaking. On Mr. Parry*s 
resignation in March 1919, Mr. Birks was appointed 
chief electrical engineer to riie Public Works Depart# 
ment, when active steps were taken by the New Zealand 
Government to materialize a comprehensive scheme of 
power supply planned for *the North Island, '{he 
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f<^gwing works were carried out during his^period of 
office, viz. the development of the Mangahai source 
with transmission lines to Palmerston, Wellington, 
Wairapa and Hawkes Bay. Preliminary works were 
carried# out at Wa&aremoana and Arapuni, and a 
con-yract ^placed ^or headworks and plant for tlie 
latter source. During this period also the power-house 
pl^nt at the Horahora Fajfs belonging to the Waihi Gold 
Mming Co. wa9^ taken over ^y the Government, ex¬ 
tended a^d utilized for the supply and distribution 
m the Waikato district. In April 1924, he left 
New Zealand to represent the Dominion at the World 
^ ower Conference in London, but on his arrival 
in Adelaide he was obliged to seek medical advice, 
^ a result of which he immediately returned to New 
Zealand, where he died on thei 25th July at Wellington. 
His knowledge and experience of all matters pertaining 
to^ hydro-electric power development and of distribution 
sj^tems as applied to the general supply of electricity 
were very extensive. His engineering achievements 
alsoc.were considerable and varied, and one of them 
deserves particular recognition: the result of his work 
in Canterbury was to demonstrate to the world at large 
the ^commercial possibility and the economic advantage 
to a State of a generous supply of electricity to every 
home, not only for light but for every purpose, including 
water-heating. In character he was energetic and 
resourceful, open-minded and generous. All his actions 
bor ^ the impress of high ideals and his life was an 
inspiration to all who were associated with him. He 
joined the Institution as an Associate in 1896, was 
elected ^ Associate Member in 1899, and a Member in 
' 1912. He was also a Member of the Institution of' Civil 
Engineers, a ^member of the Institution of Mechanical 
Engineers and a Member of Council of the New Zealand 
Society of Qvil Engineers, He took an active part in 
the affairs ^f the New Zealand Institute, and was one 
of the sub-editors of the New Zealand Journal of Science 
and Xechncdogy, p 

CHARLES EUGENE L, BROWN died at his home 
i«i Montagnola, near Lugano, on the 2nd May, 1924, 
at the age of sixty-one, from heart failure following a 
short illness. He was bom in Winterthur on the 
17th June, 1863, being the son of the late Mr. Charles 
• Brown, who was mainly responsible for the Sulzer drop 
valve-gear: After a year as improver with Burgin in 
Basle, he entered the Oerlikon Machine Works ^d two 
y^ars later, w'hen barely 24 years old, became manager 
of the ^l^ctrical department. His early years at 
Oerlikoij were occupied in developing a direct-current 
system and in designing commercially workable direct- 
current machinery. His first machines vrere of the 
two-pple Manchester type with ring armatures, and for 
the first power transmission in Switzerland (Krieg- 
stetten—Solbthum, 37 kW over five miles) machines 
of»this t3rpe were employed. By successive stages in 
development, four-pole designs with slotted drum 
armatures were arrived at, which (contrary to the usual 
practice at that time) were distinguished by relatively 
large magnetic fluxes and a small number* of armature ' 
conductors, so that reven machines for 600 volts had 
bi^t one turn per segmeiA and sparkless commutation . 


was ensured. Among the early power plants which 
he constructed may be mentioned the Neuhausen 
plant, the 6 000- and 12 000-ampere machines for which 
remained for long the largest direct-cvrrenb> dynamos 
in Europe; those for 12 000 amperes had vertical 
shafts, and multiple series-parallel winding was used 
for the first time. l}e emplo3^d rfor his first alternating- 
current transmissions • single-phase generators and 
synchronous motors, which were o^ t];^e Kapp ring- 
armature type, and these were the first machines pro¬ 
vided with direct-coupled exciters. The pra/:tical 
development of the polyphase motor was realized 
during the year 1890. Simultaneously with Qobrowol- 
ski he originated the polyphase winding with rectangular 
coils in slots (in practically its present-day form), 
whereby magnetic leakage is so far reduced that a 
sufficiently high starting torque^can be reached. Later 
on, he used for the first time the distributed winding 
in slots for the statorl and rotors of the larger poly¬ 
phase motors. The year ^891 brought the opening of 
the Frankfort Exhibition and the (felebrated powdt 
transmission from Laufien to Frankfort (110 miles) 
with three-phase current at 25 000 volts, this effectively 
demonstrating the fechnical possibility^and'’commercial 
feasibility of the transmission of pOwer over gri^at 
distances by electricity. He designecj for this power 
transmission (the failure of wliich was fcofifi^enfly 
predicted in electricaj circles at that time) the 40-pole 
generators with claw pole-wheel and Single exciter cpil 
and oil-cooled 86/25 000-volt transfofmdrs. The latter 
—^the first oil-immersed tr^sforEjjers-^were made with 
three cores %itj;iated at 120° t<f one another, connected 
above and below by a round yoke, and for them was 
used for the first time the double concentric winding. In 
1891, in association with Mr, W. Boveri, he founded 
the works of Brown, Boveri and Co., Baden, Switzerland, 
many of whose present-day designs bear the impress 
of the original ideas of* the technical founder of the 
firm. The high position in the construction of single¬ 
phase ai^d polyphase machinery to which he brought 
his firm by means of his inventions and designs became 
apparent in ISM when eight alternators (four of 525 kW 
and four of 1 060 kW running 86 r.p^m.) were built 
for the city of Frankfort in face of great competition 
from German firms. From the year 1895 onwards the 
development of many Swiss water powers was actively 
carrijd^out, aiid for the Vertical unite called for by the 
low falls the umbrella type of generator was designed 
(1897), Two years^earlier he had constructed the first 
flywheel generators wit]| pole-wheels rotating outside 
the stationary armatures. In 1896 were built the 
8 000-volt generators for Schwyz, while in 1898 the 
noteworthy 14 600-yolt genorators for Paderno were 
constructed. In the electric railway field the Lugano 
tramway, installed in 1894, was the first tracJ:ion^system 
for which three-phase^ motors were used, and this was 
followed by# many inountain and other polyphase 
railways, whiclf ^e all in successful ^operation at the 
present day. Tlffe acquisition by his* firm in 1900 pf 
maiiu|p,cturing licences under the Parsons steam-turbine 
patents* turned his thoughts .to some of the special 
problems 8ile to the iptroduction high-speed mach¬ 
inery, and he soon recognized that for turbo-altemators 
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of large- outputs and high peripheral speeds the con¬ 
struction with projecting field-poles could not be 
satisfactory. This led to the creation of the generator 
rotor in tj^e foiyi ’of a cylinder with radial or parallel 
sloth for carrpng the excitation winding, which has 
proved to be the only possible constructive solution 
and has been univers|lly» adopted. In the direction 
of switch and control gear many original designs were 
developed, amongst which may be mentioned the 
multiple-break oil circuit-breaker and the so-called 
** hoi^ arrester. After the conversion of the firm of 
Brown, Boveri and Co. into a Umited company in 1900, 
he becanje chairman of the board of directors and 
held that position until 1911, when he retired altogether 
from his business and technical activities. In 1912 
he was awarded the honorary degree of Doctor by 
the Technical College of Karlsrahe. He was elected a 
Foreign Member of the Institution in 1892 and became 
a Member in 1911. • A. C. E. 

» Sir albert*J. LEPP0(? CARPEL, K.C.I.E.. died 
on the 20th April, 1924, in his eighty-eighth year. He 
was one of the dv^dling band of men who saw service 
in the Cdjnda, h^^g served with th^ Turkish Contingent 
fn ^1866-6. In. 1857 he entered the Indian Telegraph 
Service, then in its infancy, becoming Director of Traffic 
in’1869,’Deputy Diredtor-General in 1879, and Director- 
General four.years later. He hel^ the position for six 
y^gars before ..retidng, and saw the department expand 
almost beyond Yecrognition of the earlier days. In Feb¬ 
ruary- 1887 the knighj^ood pf the Order of the Indian 
Empire was conferred oh him, and at -^he^time of his 
death he was the senfer holder of that rank. * Sir Albert’s 
interest in telegraphy did not cease with his retirement 
from India. For much more than a quarter of a century 
after his retirement from the Indian Telegraph Depart¬ 
ment he was actively interested in the work of the 
Eastern and Associated Tellgraph Companies. He 
joined the Board of the Eastern Telegraph Company in 
1888, and in the following years became a director of 
the other companies of this group. He was also a director 
of the Globe Telegraph and Trust Company, and a 
trustee of th§ Submajine Cable Trust. He gave his 
whole heart to this work, and w^ almost daily in atlfen- 
dance at the offices^ of the cable companies up to within 
a few days of his death. He was elected a Member of 
the Institution in* 1878, and served on the Co^^cil in 
the years 1900-1902. . H. J. L. C. 

Colonel GEORGE ANDEpSO® CARR, late R.E., 
who died on the 20th March, 1924, was one of the 
pioneers of electrical science in the British Army. 
Born in* 1867 at Nymaps, near Crawley, Sussex, he 
was educated ^t Uppingham and at the Ro3;al Military 
Academy, ^Woolwich. He received his first commission 
as a lieutenant, in the Royal Engineers in August 1876 
and, after the usual two years^ course of instruction at 
the School of Mihtary Engineering, wSs posted to the 
Submarine Mining Service. Here he*caine into contact 
with a little group of Royal Engineer officers who were 
.studying and developing the application of electricity 
to military piuTpo^es., Of these, the best-kiiown to the 
general public were Major*Ri Y. Armstrong, R.E., 
. VOL. 62 . 


Lieut. P.eCardew, R.E., and Lieut, (now Ma;^or- 
General Sir R. M.) Ruck. Working under and with 
these officers, he soon found his life Tjork. Not only 
did he show a great mastery of detail, but he early 
proved his capacity as a lectui^r. • Possessed of a 
remarkable gift for clear and accufsate thinking, he^ 
was able to explain his thoughts in simple Tanguagil. 
With these qualifications it was inevitable that much 
of his life should be spent^n ixfetruction^il appointments 
in the electrical branch* of the School of^ Military « 
Engineering and in the School of Submarine Mining 
at Gillingham, and he held in turn every grade of such 
appointments at both these establishments. He was 
for many years the Examiner in Electricity at the 
R.M. Academy, Woolwich. ♦Among other subjects 
with which he dealt were the training of afmy tele¬ 
graphists and the design of telegraph stores, also 
the shutter board and test room and all stores used 
in the submarine mining service and for^ defence 
electric lights. In his various capacities as in¬ 
structor or assistant instructor he was an ex oj^cio 
member or associate member of the Royal Engineers 
Committee which deals with all patterns of military , 
stores, and he served on all the electrical sub-com¬ 
mittees and many special sub-committees of ftiat 
body. He represented the War Office at the original 
trials of the Marconi system and formed a personal 
friendship with Signor Marconi. He became an A.sso- 
ciate of the Institution in 1882, served on the Council 
in 1896-6, and was elected a Member in 18*96. W. B. B. 

WILLIAM CHEW was born in Manchester in 1866, 
moving in 1863 to Blackpool, where he joined his 
father at the gas-works a few j^ears later.. In his early 
days, although attached to the gas industry, he took a 
keen interest in the development of electricity. He 
was responsible for the introduction of electric lighting 
into Blackpool and held the dual appAntment of 
electrical engineer and assistant gas engineer until 
1893, when, owing to the growth of the undertaHngs, 
it became necessary to separate the two departments. 
He succeeded his father in 1913 as manager of tl^ 
gas-works. He was always proud of the fact that he 
was the first to light a seaside esplanade in this country 
with electric arc lamps. These were on 9 steel masts 
each 50 ft. high, and each lamp was run from a separate , 
dynamo. Although continuing in the gas industry he 
took a broad-minded view and quioJdy introduced 
electric power where it could be advantageously fised 
in the gas-works. He died on the 9th Apjil, *1924. 
He was elected a Member of the Institution in 18J3. 

• •j.H.C. 

• 

DAVID COOK was bom in 1866 near Lochranza, in 
the Isle of Arran, Scotland, and died at Richmond on 
the 23rd July, 1924. From an early age he was keenly 
interested in electricity, and from the beginning of 1861, 
was engaged exclusively in electrical work. Up to the 
end of 1883 he was connected with the Edison Electric 
Light Co., Ltd., and on the amalgamation of this fijm^ 
with the Swan United Electric Light Co., Ltd., he was 
responsible for their work in Scotland until February 1886. 
FromMarch 1886toFebniaryfl^86hewas associated vdth 
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the firm of Mnir and Mavor, Glasgow, and^<Jr several 
yeSxs subsequently he practised as a consulting engineer. 
In 1889 he was appointed consulting engineer to the 
Associated Fire Insurance Companies, and was later 
chose^ chiefly or tlje recommendation of Lord Kelvin, 
to become supejtnteading electrical engineer for the 
®I^gow* Corporation. Subsequently, again on the 
recommendation of Lord Kelvin, he acted for some 
time—with congpicuous %ucc^—as chief engineer and 
general inanager of the City of London Electric T i giiting 
Company. He was later associated with Cecil Rhodes in 
a vast scheme for growing in die Sudan the entire supply 
of cotton for the needs of Great Britain. This g/^^AtnA 
was to be carried out by regulating the flow of the Nile 
as it issues from the GrSat Lakes, but was, for various 
reasons, «ot proceeded with at the time. The Govern¬ 
ment have since, however, advanced a sum of £3 600 000 
to enabld it to be commenced. His later activities were 
connect^ with engineering and development schemes 
both at home and abroad. He was elected a Member 
of toe Institution in 1890. A. I>. 

ROWLAND EDWARD DIXON was bom on the 
20th October, 1872. He received his early education at 
private schools and from 1887 to 1890 attended Stanley 
Hall, Wakefield. From there he went to Yorkshire 
College, Leeds, and to toe Pol3rtechnic, London. From 
1892 to 1896 he was apprenticed to the firm of B. Verity 
and Sons, Covent Garden (now Veritys, Ltd.), and at 
the end of this period he became a director and chair¬ 
man^ of Messrs. S. Dixon and Sons, Leeds, electric 
lighting and power contractors and manufacturers of 
overhead line materials for tramways and also of patent 
point controllers for tramwa3rs, etc. He remained with 
this firm until his death, which occurred after a short 
illness, on the 28th November, 1923. He was elected 
an Associate of toe Institution in 1896 and a lvrAm>.Ar 
in 1913. * 


ARTHUR EDGAR GOTT was bom in Sunderland, 
where he received his early education, his technical 
^ucation being obtained at the Rutherford College 
of Science, Armstrong CoUege, and Manchester Tech¬ 
nical School. He served his apprenticeship with 
Messrs. Weedon and Irish, of Sunderland. He then 
w§nt to the works of Messrs. J. H. Holmes and Co 
and earned oat toe electrical installations on a number 
of ships and in various mills and factories. He was 
wito this fi^ 16 years, toe last 7 years as senior 
assistant^engineer. He then joined Messrs. Veritys as 
manager oi th.e controller and switchboard department 
a position which fie held for five years. After a short 
■engagement with the J. L. Manufacturing Co., of 
Souto^ he went as engineer-representative to the 
Bnteh Petooleum Co. in connection with toe appli- 
cafaon of Uquid fuel in manufacturing processes. He 
later s#ent two years with the Waddle Patent Fan and 
Engmee^g Co. At toe outbreak of war he joined the 
^erry Otoscope Co., acting chiefly as patent expert. 

gyro-compass instrac- 
rion book used by toe British and Allied Navies, and 
drew up toe lecture charts and syllabus for toe various 
Compass Schools of <«ftse Navies, He was also 


instructor to naval officers in the use and maintenance 
of the gyro-compass. He died on the 18th December, 
1923, at a nursing home near Bedford at the age of 67, 
after being for nearly three years'^ ip failing health 
brought on by overwork during the war. He was 
elected an Associate Member of the Institution in 1901 
and a Member in 1919. {I. A. G. 

• ^ ^ 

ARCHIBALD ERNEST GRANp[‘ ^was bom at 
Swansea on the 1st May, 1870, and was educated at 
St. -Andrew's College, Swansea, where he gained dis¬ 
tinction in mathematics and also excelled at football 
and svdmming. On leaving school he served his 
apprenticeship as a mechanical engineer with the Globe 
Dry Dock and Engineering Co., and after going to sea 
obtained his '‘Extra Chief" Certificate as a marine 
engineer. He then stildied electricity and, in August 
1901, obtained an appointment' in the contract depart¬ 
ment of Messrs. British Insulated and Helsby Cables. 
After four years' experieupe in the laying and jointing 
of high-tension and low-tension cables and in tlfe 
construction of electric tramways, including the la3dng ' 
of the track and the erection of the overhead equipment, 
he was appointed® in 1906 to tak^ chsGrg^ of the 
company's sales agency in South Walds. In July 1913 
he was promoted to represent the coippany in Canada 
and subsequently, in February'* 1916, bedaihe, their 
principal representatyre in India. He returned to this 
country in June 1923 and died Suddenly on the 
29th November, 1923. He was elected an Associate 
of the Institution in 1901, tifjcanfe an Associate 
Member in t9Q3, and a Memb& in 1916. B. W 

ROBERT FRANCIS HAYWARD, who died in 
London on toe lOto April, 1924, was bom in 1866 
and was educated at Harrow School, passing thence 
to University College, I-ondon, where he held the 
Gilchrist Engineering Sckolaxship. After serving his 
apprenticeship wito Messrs. Crompton and Co. at 
Chelmsford, he became their works manager in 1890, 
and left in 1894 for toe United States to take up the 
position of geaeral manager of the Salt Lake and 
Ogden Gas and Electric Light,Co. InRiis capacity, 
and subsequently as edfief engineer of the Utah light 
and Railway Co., he was responsible for a considerable 
amount of pioneer work in connection with high-tension 
transjpjgsion. eln 1906 he left the United Stafts to join 
the Mexican Light and Power Co. in Mexico City as their 
general manager, and toe four years for which he remained 
wito tto company was » period of great development 
of their hydro-electric system, which is now one of 
the largest in latin Amaica. From 1909 until 1920 
he was chief engineer and general manager of the West¬ 
ern Canada Power Co., furnishing bulk;j)ower to toe 
British Columbia Electric Railway Co. and. the Van- 
couvCT district generally from a 40 000-b.p. hydro¬ 
electric plant, at Stave Falls. When the control of 
toe Chilian Electric Tramway and Light Co. and the 
Cia. Nacional d# Fuerza Electrica passed to the 
S. Pe^on and Son interests, and the Cia. rhiiAt^g , de 
Electricidad was formed, he was appointed general 
manager aifif occupied jjiat position wntfl a few months 
before his death. This* edVered three years'of intense 
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construction activity, including the transformation of 
the whole distribution system of the city of Santiago, 
the erection of 110 000-volt tranfimission lines from the 
Andes to .^anti^gd" and Valparaiso, the addition to the 
system of a 36 000-h.p. hydro-electric plant, and con¬ 
siderably extensions to the steam station. He was of 
the be^t type of tra^^ad Englishman, possessing a 
charming personality, wide knowledge, and a sterling 
character, and.^ V5^1 be greatly missed by a host of 
friends in all the countries to which his work took him. 
He Msas elected a Member of the Institution in 1912. 

S.G. 

WILLIAM DODS HUNTER served his apprentice¬ 
ship with Messrs. Clarke, Chapman and Co., and later 
was employed by Sir Charles Parsons. In 1889 he 
became engineer to the Newcas-fle and District Electric 
lighting Co., Ltd., ancl was later appointed manag¬ 
ing director and engineer. He? did a great deal of 
strenuous work during t^j war and never quite 
recovered from ^e effects, being compelled in 1918 to 
retire from active management. He remained on the 
directorate, howeyer, and gave the benefit of his 
knowledge lo th% company. He diid on the 17th May, 
1924, He was Elected a Member of the Institution 
in 1892, and for^many years served on the Committee 
of* thp North-Eastern*Centre, of which he was chairman 

from 1900 tc^ 1906, 

♦ 

GORDON LAYTON received his early education at 
private schools art Bi^chingtpn and Luton. On leaving 
school in 1897 he was Apprenticed to ^th© Electrical 
Power Storage Co. * At the end of his apprenticeship 
he joined the London Electric Cab Co., where he was 
in charge of the generating station and the high-tension 
substation. In 1899 he became associated with the 
Westinghouse Co. and was sent to the Westinghouse 
works at Pittsburg to study® American methods. On 
his return he worked in the correspondence department, 
of which he later became the head. He ^as sub¬ 
sequently transferred to the sales department and 
became manage* of the Manchester® district office. 
He afterward^ returnecj to the works and was appointed 
manager of the district offices.*.On account of failing 
health he found it^necessary to go abroad and he took 
up a position with the company in South Africa. He 
afterwards returned and became manner, later 
managing director, of the C^ogmos Lamp Works, which 
position he held until his death on the 31st January, 
1924. He was connected wi^h the promotion of the 
Engineers^ Clubs at London and Manchester. He was 
elected a Student of the Institution in 1897, an 
Associate in 1900, and a,Member j.n 1912. From 1907 
to 1410, and from 1911 to 1914, he served on the 
Committee of the North-Western Centre, of which he 
was vice-chairman in 1914r-16. 

• 

MAURICE LfBLANC was bc^ in l867 and received 
Viig technical education at the EcolS Pol3rtechni(iue in 
i>aris. At the conclusion of his studies in 1878 he joined 
the Compagnie des Chemins de Fer de I’Est and m 1886' 
was associated iv * short p^od with industrial 
company. In* 1888 he comnfeneed a series of researches 


on elecflri§al apparatus, which included compound 
alternators, transformers, rotary converters, frequency 
changem and phase advancers, the ^last-named of 
which he claimed to be the first to produce. In 
conjunction with Hutin he introduced the doping 
device known as the amortiaseur.% In 1897 JJie* 
General Electric Company*0! America offered* him tile 
post of Engineer-in-Chief, but he did not accept it. 
In 1901 a number of ^ •electrical patents were 
purchased by Mr. George*Westinghouse for Uie West- , 
inghouse Electric and Manufacturing Co. and the 
General Electric Co. of America. From this time, at 
Mr. Westinghouse's suggestion, he directed his attention 
to mechanical engineering problems, particularly in 
connection with steam condensers, rotary compressors, 
etc. While engaged in this work he evolved •his well- 
known rotary air pump by which very high vacua are 
produced. On the outbreak of the European War he 
took part in the invention of a trench mortar and was 
instrumental in developing a new aeroplane engine. 
In later years he put forward a proposal to ui^e 
high-frequency currents for the propulsion of electric 
railway trains. He was a director of the Hewittic t 
Electric Co. and consulting engineer to the Soci6t6 
Anonyme Westinghouse. During the years 191^-14 
he was President of the International Electrotechnical 
Commission, and in 1918 was elected the first member 
of the Industrial Section of the Acad6mie des Sciences. 
He died on the 27th October, 1923, at the age of 66. 
He was elected an Honorary Member of “flie Institution 
in 1916. 

JOHN ST. VINCENT PLETTS was born on the 
22nd January, 1880, and died at his home at Surbiton 
on the 26th April, 1924, after a short illness. He 
received his general education at the Isle of Wight 
College and in 1896 went to the Centred Technical 
College, ,in the department of electrical Engineering, 
where he stayed for three years. He then joined the 
Marconi Wireless Telegraph Co. and was engaged in 
erecting wireless stations for the company in Hawaii, 
Labrador, the Congo, Russia and the Far East 
From 1910 until 1919 he was head of the company's 
patent department. In the capacity of consulting en¬ 
gineer he was their expert in all legal cases on patents 
relating to wireless telegraphy, including the weU-kno^n , 
"7777" case and the "Mullard valve" case. He was 
a member of various technical societies,and a writer of 
technical articles, in addition to being the inventor of 
a slide rule and a cryptograph machine. ^Hjirirfg the 
war he acted as expert in cr3rptography at the 
Office. He was a very reservecf man and,* though 
holding a prominent position, was very unostentatious 
and considerate towards those who worked for hirn. He 
was elected an Associate of the Institution in 1902 and 
a Member in 1919. • ^ 

• 

WILLIAM STEWART ROBERTSON died on the 
1st September, 1924, in his seventieth year. His con¬ 
nection with telegraphy commenced in 1873 when ii| 
entered the service of the Post Office at Edinburgh. 
Five years later he was selected for service under the 
Japanese Imperial Telegrai*iS* On the termination. 
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in ^1884, of his contract with the Japanese G^overnment 
he obtained employment in the Pouyer Ouartier Cable Co. 
and in 1886 wi|h the Western and Brazilian Telegraph 
Co. (now the Western Telegraph Co..). He served first 
at Bahia as an o|Tera<jor, becoming later Assistant Super- 
^t^ndent at Rio.*' In 1896 he was loaned to the Amazon 
Telegraph Co. in Para, where he was later appointed 
S^iperintendent of the Western Telegraph Co.’s station. 
He held that appointment unjil 1904, with a short inter¬ 
val durii^ which he served as electrician on the cable 
ship " Buccaneer.’’ In March 1904, he was appointed 
General Superintendent of the Western Telegraph Co. 
in South America, with headquarters at Rio de Janeiro, 
and held that position until his retirement in June 1920, 
after nearly 48 years of Telegraph service, during which 
he saw submarine telegraphy emerge from its preliminary 
stages and grow into the efficient high-speed service 
of the present day. Although he had no share in the 
inventioi^ of systems and apparatus which have resulted 
in the existing improved working of submarine cables, 
he feept pace with the times and took a prominent and 
practical part in their application to the sections and 
stations under his control. He was elected a Member 
of the Institution in 1898. 


DAVID CURLE SMITH was born in Aberdeen and 
was for five years an apprentice in the Great North of 
Scotland Railway Co., Aberdeen, also attending the 
Edinburgh University engineering classes. He then 
went for two years as assistant to Prof. Jamieson of 
Glasgow. At the end of this period he joined the 
Griffen Gas Engine Co., of Bath, as draughtsman, 
leaving there in 1887 to go to Melbourne, Australia, 
where he was employed by a leading engineering firm. 
He was later appointed electrical engineer to the New 
Australian^ ^lectric Co., Melbourne, and subsequently 
becaine chi^ engineer to the municipality of Kalgoorlie, 
Pie died on the 28th December, 1922. He was elected 
a MQjnber ^f the Institution in 1896. 


CHARLES PROTEUS STEINMETZ, who was 
^cted a Member of the Institution in 1912, was 
born in Breslau, Silesia, on April 9th, 1865. At 
the time of his death on October 26th, 1923-, at the 
age_ of fifty-eight, 34 years had elapsed since Carl 
btemmetz landed in New York in June 1889 from the 
steerage of a French liner and adopted America as his 
country and Charles Proteus Steinmetz as his name. 
In. the preface to America and the New Epoch ” he 
states th^st he then '' had ten dollars and no job, and 
could sp^ak no Englj^h,” Dr. E. W. Rice thus describes 
his first impressions of Steinmetz 

" I shall never forget our first meeting at Eickemeyer’s 
workshop m Yonkers. I was startled, and somewhat 
disappointed, by the strange sight of-a small, frail body 
surmouptecT by a large head, with long hair hanging to 
th€ shoulders clothed in an old cardigan jacket cigar 
in mouth, sitting cross-legged on a laboratory work- 
table. My disappointment was but momentary, and 
completely disappeared when he began to talk. I 
instantly felt the strange power of his piercing but 
kindly eyes, and, as he^continued, his enthusiasm, his 
earnestness, his clear conceptions and marvellous grasp 


of engineering problems convinced me that we had 
indeed made a great find. It needed no prophetic 
I insight to realize that^here was a great man, one who 
spoke with the authority of accurataf* andr profound 
knowledge, and one who, if given the opportunity, was 
destined to render great service to our industry. I was 
delighted when, ’^thout a^mioment’s hesitation, he 
accepted my Suggestion that he come with us.” 

Steinmetz s 34 years in America r was a period of 
prodigious performance on his part. In any attempt to 
obtain a measure of his activities as an inventor, the 
195 American patents taken out in his name should be 
multiplied many times to take into account the inspira¬ 
tion which he communicated to his assistants and 
colleagues of all ranks and ages. The wide variety of 
his inventions may be indicated by mentioning the 
following amongst the subjects of the Steinmetz patents : 
phase transformation, methods of regulating the power 
factor of a distribution'system, compensated alternating- 
current motors, magnetise arc lamps, flaming arc 
electrodes containing titanium carbid^ seals for fuse& 
quartz lamps, and many patents relating in general 
to generators, moto:^, synchronous converter^, induction 
regulators, frequency changers, transformers and 
measuring instruments. He presented 44 technicai 
papers before the American Instituite of Electrigal 
Engineers and was its President in 1901.' He. also 
made many contributions to the Pfoceedings of the 
Illuminating Engineering Society,, oi which he was 
President in 1915. He also often contributed notable 
papers and made importaift addresses* at Conventions 
and meetin^g of the National Electee Light Association, 
at meetings of sections of the American Institute of 
Electrical Engineers, and of university technical 
societies. Some of his most fascinating addresses were 
of 0 . popular character. On one well-remembered 
occasion when he addressed a large audience in 
Schenectady at Edison Hall, the subject was “ Soap 
Bubbles.” Steinmetz, with one knee on the seat of a 
chair, blowing bubbles under all sorts of conditions, 
directed the attention of a fascinated audience to the 
various phenonfena involved. In addition to many 
engineering papers in ,,the Transactions^ of technical 
societies, he contributed almost innumerable articles 
to other publications and on all nfafiner of subjects. 
We find such titles as : ” Physiology of Light,” ” The 
Second •Law •bf Thermodynamics and the "^Thermo¬ 
dynamics of the Atmosphere,” ” Commission Control,” 
Competition and C9-operation, ” ” Industrial Efficiency 
and Political Waste,” '^The World Belongs to the 
Dissatisfi.ed,’’ ” Socialism and Invention,” ” Electricity 
and Civilization,” “ The Tungsten Gun,” ” The Ether,” 

” Our Civilization,”• Shorthand,” ” Democracy,” 

Science ^nd Religion,” ” Twisting Magnetism,” 
Biography of Rudolf Eickemeyer,” ” Electrical Con¬ 
sonance,” ” Soviet ,PI5wi to Electrify Russia,” and 
‘^Mobilizing ^li^gara to Aid Civilization.” Eleven 
treatises of a very^authoritative character on electrical 
subjects were published by Steinmetz and the majority 
of then^ were revised and greatly extended in several 
successive editions. Already in 1888 he had published 
a book on ' Astronomy^ MeteoroMg 5 r^and Cosmogony.” 
The Steinmetz law,of hysteresis is well known, as are 
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also his contributions to the development ajid use of 
the complex-quantity method of treating alternating- 
current problems., * 

Steinmistz^s mctivities were by no means confined to 
engineering. He took a very deep interest in human 
questions and in economic^, and gave his cordial support 
to all movements whose success heiconsidered would be 
of advantage to mankind. In tJiis category he included 
the adoption af tHie metric system. At the University 
of Breslau he studied mathematics, astronomy, physics, 
chemistry, medicine and economics. Subsequently at 
Zurich he studied mechanical engineering at the Poly¬ 
technic. ^ In later life, at Union College in Schenectady, 
he was professor of electrical engineering and afterwards 
of electro-physics. As the candidate of the Socialist 
Party in 1916 Steinmetz was glected President of the 
Common Council of Schenectady. He served two terms 
as President of the Schenectady Board of Education. 
In 1902 Harvard University conferred on him the 
degree of Master of Arts, ind in 1903 Union College 
awarded him thS degree of Doctor of Philosophy. 

It was the writer*s privilege to be much with Steinmetz 
as one of Jiis ^^sistants in 1892 ^d the immediately 
.following years,^ and again to have associations with 
hhn in the years preceding his death. In the writer’s 
opinio]\ the best pen^picture of Steinmetz in these later 
yeare is that drawn by Mr. M. P. Rice as follows:— 

The unhssugiing figure without hat or overcoat, 
that was so ^ejl known about the streets of Schenectady, 
was literally a world power. To him every country 
looked for authoritcftiv^ dtcta on all makers of elec¬ 
tricity. The man who welcomed friends his summer 
camp with an almost bo3Hlsh glee, whose kindly soul 
went forth in the fondling of a favourite dog, whose 
life and likings were the most simple—^this man was an 
international figure, a giant in his profession, a con¬ 
servator of the world’s natural resources, and a friend 
to every user of electricity. We mourn his passing, 
we are deeply grateful for the wealth of knowledge that 
he has contributed to the world’s progress, and we 
treasure as a choice possession the memory of an earnest, 
simple who devoted his transcefident mind and 
talents to thefservice of his fellow men.” • 

For many years Steinmetz fiad made his home in 
Schenectady, New*York, with the family of Mr. J. L. R. 
Hayden^his adopjed son. Mr. Hayden was his constant 
companion and also his collaborator m maiUy^of his 
investigations and papers. Their home included a fine 
library and a well-equipped chemical and physical 
laboratory, and Steinmetz divfded his attention between 1 
the home laboratory and various laboratories at the 
Schenectady works of the General Electric Company of 
America. , ^ ^ H. M. H. 

W. HOWARD TASKER, who was born in 1857 
and who died on the 17th Septefnber, 1924, was educated 
at Eastbourne and Guildford and trainecl as an archi¬ 
tect— -his father*s profession. Dr. Gi^am BeU’s lecture 
in London on the telephone in 1878 turned Mr. Tasker^s 
thoughts to electricaj engineering. He made^ in his« 
own workshop many models of telephonic«^#xd electrical 
apparatus, an.d liter these^ n^odels were used when 
giving evidence in the Law Courts* He worked as an 


improver the shops of Messrs. Warner and Leei 
mechanical engineers, London, and studied at the 
School of Submarine Telegraphy and •Electrical Engi¬ 
neering, representing it at the first British Exhibition of 
Electrical Engineering held at the Crystal Palacefn 1882^ 
He was assistant electrician to the*Yorkshire Bnjph 
Electrical Engineering CoT He erected for them, and 
subsequently managed, the fijist central electric lightkig 
station at MiddlesbrougH supplying ^ectricity to the 
North-Eastern Steel Works and neighbouring blast' 
furnaces, and while with the Brush Company he advised 
several local engineering works on their electrical plant. 
During his career he worked as an engineer for the 
Primary Battery Co., Ltd.,^ the Fitzger^d Electric 
Light and Power Co., Ltd., and the Unioji Electric 
Light and Power Co., Ltd., and was for many years 
with the Chelsea Electricity Supply Co., Ltd., which was 
the first supply company in London to get to wqpk 
under the Electric Lighting Act of 1886. A% resident 
engineer he carried out for the Brush Company the. 
contract for the supply of electricity at l)over, atfd he 
was subsequently connected with the British Westing*^ 
house Electrical and Manufacturing Co., Ltd., and with 
the Hart Accumulator Co., Ltd. He had a char^iing 
personality and was an enthusiast in both work and 
play. He organized the first bicycle road-racing teams 
in Surrey in 1875 and 1876 and was a keen lacrosse 
player, representing the South more than once in the 
annual North v. South match. He was elected an 
Associate of the Institution in 1882 and a Member 
in 1891. 

PAUL SOMMERVILLE THOMPSON^was born on 
the 31st January, 1876, and died after a short illness 
at Saltburn on the 4th July, 1924. His early education 
was received at the Rutherford and Armstfong Colleges, 
Newcastle-upon-Tyne, and he served an apprenticeship 
with Messrs. E. Scott and Mountain, Ltd., aftmrwards 
holding appointments with the WaUasey &d MSlvem 
Urban District Councils and acting as assistant mains 
engineer at Manchester. From 1904 to 1922 he 
with the Cleveland and Durham Electric Power aSd 
the Newcastle-upon-Tyne Electric Supply Companies, 
being general station superintendent to the former 
for a period of about 11 years. During his residence^.on^ 
Tees-side he endeared himself to numbers of young 
engineers in the electrical supply indusixy and devoted 
much of his spare time to the furtherance of^*their 
interests. He was an active member of the^Tees-s7de 
Sub-Centre, serving ^as its first Hon. Sdbretary and 
later as its chairman. He also assisted with the forma¬ 
tion of the Electrical Power Engineers* Association, 
and will be remembered for the part he played in 
helping to consolidate the Whitley Council polficy Qf 
that Association. He became an Associate Memb^ 
of the Institution in 1902 and a Member in 191^. 

A. H. M. 

HAROLD LYON THOMSON, who died after^ a 
short illness on the 13th March, 1924, was one of tlfe 
earliest electrical engineers. He was the son of 
the late R. W. Thomson ofi Edinburgh, to whom the 
- ► automobile owes so m^ch^or his invention of jruUber 
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and pneumatic t3^es, and he inherited mifch of his 
father's genius for mechanics. In 1880 he went to 
Crompton's woAs at Chelmsford at a time when the 
invention of the electric lamp by Sw&n and by Edison 
had m^de indoor^ ellctric lighting a possibility. His 
was m*A. p! Lundberg’s shop. At that time 
he showed remarkable facility in designing domestic 
fittings of all kinds, ai^d a large proportion of the 
ordinary fitting# now used iJ connection with indoor 
^lighting x\tere then designed by him, in many cases the 
original form being still in use with very little modi¬ 
fication. He was with Cromptons when they carried 
out at the Law Courts the first large installation of 
electric light, this installation being completed in 1882. 
Many of Jus fittings are still in use and serve to show 
how little his first designs have been departed from. 
He was Cromptons' representative in Paris at the first 
Electrical Exhibition in 1881. In the early days when 
so much propaganda work in connection with electric 
light was carried out by means of portable apparatus 
he generally to the fore in showing the advantages 
of the new illummant. When representing Cromptons 
' at th Vienna International Exhibition he was invited 
by the then Khedive of Eg)pt to go to Egypt, originally 
to develop electrical work in that country, but 
eventually to become secretary to the Khedive. 
Graduadly he went over to the political side, that being 
the stormy period when the expedition was arranged 
for the relief ef General Gordon at Khartoum. When 
at Cairo he became a student of Arabic and Oriental 
literature, and on his return to this country he became 
a distinguished Orientalist. Later he was elected to 
the Westminster City Council, subsequently becoming 
Aldermaii} and Mayor in 1912. He was responsible 
for Westminster being the first city to take up 
mechanical ticansport, and he developed it to such an 
extent thati^ when the war broke out in 1914 he 
went Over to Flanders in charge of a fleet of the 
Westnodnstei? City vehicles. His skill as a mechanic was 
exceptional and was much remarked on by his friends. 
Jjist before, his death he was engaged on finishing the 
. nuniature set of gold saucepans for the Queen’s doll' 
house which has been shown at the Wembley Exhibition. 
Westminster owes to him many iinprovements,’not the 
which is tiie daily collection of house refuse. 
'As\ man he was universally loved and his place will 
be found a. difficult one to fill. He was elected a Member 
^ of the Institution in 1898. R. E. C. 

r» . 

/> • 

. EDGAR LESLIE THORP was born on the 3rd June, 
1874, and was the son of the lat^Rev. t. Moorhouse 
Wesleyan Minister. He was educated at Kings- 
wood School, Bath, .and later at the City and Guilds 
Institcte (London). For.many years he was associated 
with Messrs. Shepherd and Watney, consulting engi¬ 
neer, Leeds, leaving that firm in 1899 to under- 
take private consulting work at Nottingham and 
lat r at Edenfield in Lancashire. During this period 
he carried out research work in electrolytic bleaching 
and wrqte a textbook on the subject. In 1912 
he returned to Messrs. Shepherd and Watney and 
on their-retiring from the^business in 1918 came into 
pos^'ies^on of it. From that time he-was princip^y , 


engaged in the preparation and carrying out of schemes 
for all classes of electrical installations, mechanical and 
hydraulic work, heating'plants, etc. |Iis health became 
affected by incessant toil, but he stilh struggled qn, 
especially anxious to complete the electrical installation 
at Marlborough College. He took a special interest in the 
artistic side of his work and der^ed much satisfaction 
from the ingeifious treatment of the illumination of the 
College chapel. The work was almosir ccwnpleted when 
he had at last to give in. He died on the 21st Sep¬ 
tember, 1923, at the age of 49. He was elected an 
Associate Member of the Institution in 1899 and a 
Member in 1920. D. T. 

ROBERT IdULLINEUX WALMSLEY, D.Sc., 
F.R.S.E., who was elec^ an Associate of the Institu¬ 
tion in 1884 and a Member in 1890, died on the 
16th June, 1924, as the/esult of a street accident which 
occurred two days previously and for which no one 
was to blame. He was a f)ioneer in the vast fields of 
electrical enterprise which were opened up during the 
eighties of last century, but was chiefly a distinguished 
educationist who sqpght to weld the industries with 
the higher training institutions and university ifcfchnical. 
colleges. This desire for unification of the whole 
structure of technical industry w^s perhaps reflected 
in the " sandwich system " of training at the Northamp¬ 
ton Engineering College in Clerkemyell and in the 
affiliation of the College to the University^ of London. 
Certainly he did much to eliminate the false distinction 
between " theory " and '' pfhctjice*' anS to dignify the 
term " Acaq^^naic "—^too often used with indulgent 
contempt. His ruling passions were the Northampton 
Institute, of which he was principal for nearly . 30 
years, and the University of London, but his interest 
was extended to widely differing stages and types of 
education. ^ 

Dr. Walmsley was bom near Liverpool, where he 
received his early education. He took his London 
B.Sc. degree in 1882 and, after a short period of teaching 
experience, became the first senior demonstrator in 
the electrical d^artment of the Finsbury Technical 
College under Prof. Ayrton. Continuing^ under Prof. 
Silvanus Thompson he^ook his doctorate in 1886 and 
in the. following year became princfpai of the Sindh 
Arts College of Bombay University, where he advised 
the Grrarnmefit on various educational. mat?ers. In 
1888 he became, senior Mathematical lecturer under 
Prof. Henrici at the City and Guilds Engineering 
College, and from 1890 tcf 1895 was the first professor 
of electrical engineering at the Hmot-Watt College, 
Edinburgh. In 1896 he was appointed the first 
principal of the NoTthamptofii Polytechnic Institute 
and with cflaracteristic energy and enthflsfasm began 
the immense task of building up from small bbginmngs 
one of London's gfeJtest technical institutes. He 
was deeply ifiteiested in the progress of technical 
optics and was chairman of important*optical bodies. 
Space does not permit a detailed, account of his manifold 
^ducatimial activities. In connection with his .work in 
the UnivAsijj^ of London, he was chairman of numerous * 
senatorial committees ©f the Uhixffersity Extension 
Board, of the Board pf Studies Jin Electnoa^ Engineering, 
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and of the Board of Examiners, the culmination being 
his appointment as Chairman of Convocation. 

His distinctively electrical v;ork began in his Edin»* 
burgh d^s when he was consulting engineer for the 
electric hghting of several important Scottish build¬ 
ings. His writings include " The Electric Current" 
(1894) jand Electricity ’m the Service of Man,'' which 
bega^j ’as a revision of Dr. iJrlfanitzly’s book and 
Was transformed, expanded and reissued in numerous 
editions until tn 1904 it was completely rewritten and 
became his own work. In the same year he read before 
the Institution a paper on " Transatlantic Engineering 
Schools," the fruit of study during three months spent 
in Cana^ and the United States at the instance of the 
Governing Body of the Northampton Institute. An 
earlier paper which appeared in the Journal dealt with 
the electrical features of the Edinburgh International 
Exhibition, 1890. He* also collaborated with Mr. C. E. 
Laxard in a paper on " Engineering Colleges and the 
War " for the Institution of ^echanical Engineers. 

• As a man Dr^Walmsley’s outstanding characteristics 
were an extraordinary capacity for work; a geniality 


and hufli(^ which, kept him a boy at heart, even to 
the end of his 70 years; a gift of astute diplomacv 
most valuable in controversial or administrative alTa,ii^* 
and a kindliness vihida. glowed with unexpected waarm^ 
when his imagination was wakened to anxieties or 
sorrows among those with whom he tame into contact* 
He loved music, of which he had a wide kfiowl^ig^’ 
and was ever ready to hear or to tell a good joke. AXanv 
may see his character in^ ne^ light 'v^ep they realise 
that his father's premature death left him yrith eigijti 
younger brothers and sisters to bring up. The distinc* 
tion won by many of them shows his success, bu-t to 
such strenuous beginnings may be traced the extreme 
austerity and self-sacrifice of his devotion to the great 
technic^ institute which he ^ved so long. Students 
and others who hold him in affectionate renfembranc 
must feel, as they stand within the walls of tlxe 
‘'Northampton," the applicability of Wren's epitaph 
in St. Paul's Cathedral:— • 

" Si monumentum requiris circumspice." 

R. P. 
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. -EXPLANATION OF ABBREVIATIONS. 

(p) indicatel^a. reference to the general title or subject of a 
.psmer or address. 

(p) indicates a reference to a subject dealt with in a paper 
or address of which the title ^ not quoted. 

(d) indicates a reference te a discussion upon a paper or 
address of which the general title or subject is quoted, 
(d) indicates a reference to a subject dealt with in a discus¬ 
sion on a paper or address^of which the general title 
is not quotedi 


A. 

• • • . 

. AbstrXictSt Science, Council's report on. 630. 

-^ produfction^f. A. Russell, (d), 362. 

Accounts, Annual, for 1923. 636. 

. —Anhual, for 1923, ‘Council's report on. 632. 

» Benevolent Fund,.for 1923. 642. 

Acoustic. (Ako she Sound). 

—^— problems of gramouhone. ^ H. L. Porter, (p), 273 ; 

(D),. 286, 373. • • 

—radio-, location of%hips. A. Russell, (a)9 361. 
Acoustics, auditorium, and loud-speaker. G. A. Suther¬ 
land, (P), 280; (D), 286, 373. 

Address of C. T. Allan, as chairman of Western Centre. 19. 
—:— of H. Bell, as chairman of North Midland Centre. 37. 

- of C. O. Brettelle, as ch^jrmah of Tees-side Sub- 

Centre. 114. 

—^— of T. Carter, as chairman of North-Eastern Centre. 23. 

-of J. C. Christie, as chairman of Dundee SubjPentre. 

47. 

r- of E. M. Hollingsworth, as chairman ^of Mersey and 

North Wales Centre. 31. 

--of G. A. JuHfjN, as chairman of^orth-Westem Centra 

119. 

■ of R. B.MiTCHELLf as chairman of Scottish* Centre. 40. 

-of A. Russell, as President. 1. 

-of A. Russell ta London Students' Section. 9«U 

-of E. H. Shaughnessy, as chaifman of Wireless Section. 

,61. 

—^— of R. N. Tweedy, as chairma^ of firish Centre. 27. 
Adhesion between lithographic stone and metal plate. H. M. 
Barlow, (p), 167. 

Aerials, wireless. (See Telegraphy and Telephony). 
Agriculture, electricity in : Cbrnncil's report. 631. 

Ahmed, A. Electric field in electrolytic ceU. (]^, 301. 
Ai&iN, W. A. Loud-speakers, (d), 373. 

Air preheaters. R. B. Mitchell, (p^,#42. 

Aircraft, dhectional wireless telegraphy in. (d), 129. 
Aldridge,. A. J. . * 

Loud-spe^ers. (b), 293. m 

; Power circuit interference with telephony, (d), 863. 
Transmission maintenance of telephone systems, (d),<81. 
Allan, G. T. . Address ais cflaiiman of Western C|Hj|re? 19. 
Allcock, H. Future mf •British m;i^-line electrification. 
. (D), 769. * * 

VOL. 62:. 


Allen, A. H. Speaking at Annual General Meeting, 1924. 
973. 

Allwood, S. J. R. Pulverized fu^. (d), 463. 

Alternator. . Generators, Electric). ^ 

Aluminium conductors.. (See Cables and Conductors). 
American I.E.E., annual convention of, 1923. 630., 

-- I.E.E., message from, at Annual Dinner. 360. 

-I.E.E., telegram to, on death of C. P. Steinmet^. 208.* 

Amplifier, wireless, distortion in. C. L. Fortescue, (p), 270; 
(D), 286. 373. 

Amplifiers, -wireless. L. C. PococK, (p), 799. 

Anderson, W. T. Electricity in coal mines, (d), 498. 
Angold, a. E. 

Electricity in coal mines, (d), 603. 

Protective apparatus for a.c. circuits, (d), 618. 

Anslow, F. Electrici-ty in coal mines, (d), 609. 

Appleton, E. V. Atmospherics and -wireless receivers, (d), 
366. 

Appleton, E. V., and Thompson, F. S. Periodic trigger 
reception, (p), 181; (d), 190. 

Appointments Board, Council's report on. 630. 

Archibald, R. D. Characteristics of d.c. series machine 
self-excited for regenerative control, (p), 233 ; (d), 649. 
Aspinall, Sir John. Electrification of Midi Railway, (d), 
226. • 

Atkinson, LI. B. Vote of thanks to F. GUI for services as 
President. 123. ^ 

Atkinson, J. S. Pulverized fuel, (d), 422. 

Atmosphere, clear. A. Russell, (p), 8. • 

A-txnospherics and wireless receivers. E. B. Moullin, (p), 
363 ; (d), 366. ^ 

Atomic theory. A. Russell, (p), 6. 

Ayrton Premium. Awarded to A. Bachellery. 628. 


B. 

Bachellery, A. • 

Ayrton Premium awarded to. 628. 

Electrification of French Midi RaUway. (bJ, 213 ; (d), 230. 
Baily, F. G. Electricity in coal mines. (D]f! 609. • 

Bainbridge-Bbll, L. • 

Bellini-Tosi direction-finding in British mercan-ti^e marine, 


(D), 551 . . • ^ , 

Screening of radio receiving apparatus, (d), 263. 
Bainton, j. R. Obituary notice. 979. 

Baker, P. M. 

Industrial research, (d), 88, 

Pulverized fuel, (d), 423. . 

Baker, W. S. G. Electric passenger lifts, (d), 341. • 
Balance factor of polyphase load. A. Russell, (p), 16. 
Balbi, C. M. R. Loud-speakers, (d), 297. 

Ball bearings for elec-trical machines. T. D. Trees, (p), 782. 
Banks. R. E. David Huffhes Scholarship awarded to. 629. 


Barfield, R. H. 

A-fcmospherics and wireless receivers, (d), 369. ^ 

Screening of radio receiving appa^alps. (p) , 249; (u), 264. 
.Wirel^s Premium awarded to. 628. . ^ 

66 
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Barlow, H. M. ♦ 

Friction between sliding surfaces, (p), 133 ; (d), 478. 
Kelvin Priknium awarded to. 628. 

Loud-speakers, (d), 296. • 

Research orf vaftiis^-paper. (d), 711. 
jgARTHOLOMEWJ^^S. C? 

Power circuit interferenc# with telegraphs and telephones. 

(P). 817; (D), 872. 

Webber Premium awarded to. 528. 

Bartl^t, a. C., and Thompson, M. Thermionic valves 
with duU-emitting filaments, (p), 689; (d), 699. 
Battery vehicles. R. B. Mitchell, (p), 46. 

Bearings, ball and roller, for electrical machines. T« D. 
Trees, (p), 782. 

Beaty. R. J. H. Electrification of Midi Railway, (d), 229. 
Bell, * 

Address as chairman of North Midland Centre. 37. 
Pulverized fuel, (d), 469. 

Bells. Signalling, in coal mines. W. M. Thornton, (p), 484. 
Belt drives. T. D. Trees, (p), 784. 

Benevolent Fund Accounts for 1923. 642. 

-Fund, Annual General Meeting of. 1924. 816. 

— Fund Committee, report of, for 1923. 816. 

-- Fund, Councirs report on. 632. 

-- Fund, donors to. 123, 210, 299, 377, 381, 480, 658, 651, 

728, 816, 900, 974. 

Bennett, M. Bellini-Tosi direction-finding in British mer¬ 
cantile marine, (d), 665. 

Best, F. P, Damping and speed in wireless reception. 

(D), 204. ^ 

Bhering, F. Obituary notice. 979. 

Biles, R. W. Protective apparatus for a.c. circuits, (d), 
600. 

Billington, J. R. Future of British main-line electrifica- I 
tion, (d), 767. 

Binyon, B. Bellini-Tosi direction-finding in British mer¬ 
cantile marine, (n), 654. 

Birks, L. Obituary notice. 979. 

Bishop, D. H. Characteristics of d.c. series machine self- 
excited for regenerative control, (d), 648. 

Blacklo^k, M. Railway electrification in foreign countries. 
(r>), 323. 

Blaikiet J. R. Pulverized fuel, (n), 423. 

Blair (Robert) Fellowships founded by L.C.C. 651. 

Blake,^G. G. Model of valve and oscillating circuit, (d), 

Blakemore, E. Future of British main-line electrification. 
(d), 773. 

Bij^ONDEL, A. Mascart Medal awarded to. 479, 688. 
Boiler-house developments. A. Russell, (p), 2. 

Boilers, gas-firing of. R. B. Mitchell, (p), 42- 

-high-capacity. E. M. Hollingsworth, (p), 32. 

^pulverised fuel and. D. Brownlie, (p), 385; (d), 418. 
Bolton, D. J. Economics of power consumption, (p), 901. 
Bondnig;^ track, on Midi Railway. A. Bachellery, (p), 216, 
Book, War Memorial. 627. r 

Boosters and telephone interference. S. C. Bartholomew 
.{p)> 849. 

Booth, H. C., and Melsom, S. W. Current-carrying capacity 
of bare copper and aluminium conductors, (p), 909. 

Box, V/. L. Future of British main-Hne electrification, (d), 
^766. 

Braid, G. G. Railway electrification in foreign countries. 
(d), 323. 

Brakenridge, W. D. Electric passenger lifts, (d), 343. 
Breach, L. Power circuit interference with telebhonv. 

(d), 870. ^ ^ 

Breach, L., and. Midgley, H. Drive of power station 
auxiliaries, (d), 

Breakdowns. {See. Faults). 


Brettelle, C. 0. Address as chairman of Tees-side Sub- 
Centre. 114. 

Broadcasting. {See Telegraphy and Telephony). 
Brooks, R. Future of British main-line electrification. 

(D), 758, 768. ^ 

Brown, C. E. L. Obituary notice. 980. # 

Brown, S. G. Loud-speal^g telephone, impfbvement in. 

(p), 283^ ^ 

Brown, W. J. • ^ 

Atmospherics and wireless receive»s. • (d), 369. 
Loud-speakers, (d), 289. 

Brownlie, D. Pulverized fuel, (p), 385; (d), 460. 

Bruce, J. Pulverized fuel, (d), 438. 

Buchanan, J. H. Electricity in coal mines, to), 600. 
Buckingham, F., and Frith, j. Whirling of shA:s. (p), 107. 
Buildings for research department. W. Wilson, (p), 67. 
Buist, D. M. Protective apparatus for a.c. circuits, tol 
607. ^ ^ 

Bulleid, C. H. Pulverized fuel, (d), 453. 

Burgess, W. A. A. Protective apparatus for a.c. circuits. 
(d), 606. 

Burnand, W. E. Loud'gpeakers. (d), 295, 

Bye-law 9 of the Institution, amendm^t of. 381, 614, «16 


C. 

CABLES AND OONDDCTOBS. ^ * 

Cable faults and electrical endosmos§. W. M. Thornton 
(p), 490. • . . • ' 

Conductors for Midi Railway electrification. a/Bachel- 
LERY, (p), 214. • 

Current-carrying capacity of bafe popper and aluminium 
conductors. S, W. Melsom and H. C. Booth (t) 

909. ^ ^ \ h 

Electrj^koscillations on cable sl^eath’s. W. M. Thornton. 
(P). 489. 

E.R.A. booklet on current loading of paper cables. 661. 
Feeder protective systems. A. §. FitzGerald, (p), 679. 
Inductance coefficients of cylindrical conductors. A, 
Russell, (p), 9. 

Kelvin's law for conftuctors. G. Semenza, (p), 882. 

New network theorem. A. Rosen, (p), 916. 

Polycore cables. A. Russell, (p), 3. 

Calderwood, (Miss) N. I., and Cramp, W. Premium 
awarded to. 628. 

Cappel, Sir J. L. Obituary noti<5e. 981. 

Parlmark, j. D. Fu^jire of British main#*liiie electrification. 
(d), 773. 

Carpenter, • R. E. H. Damping r*aad speed in wireless 
reception, (d), 204. 

Ca^^ G. Ar Obituary notice. 981. ^ 

Carr-Hill, W. F, Pulverized fuel, (d), 424. 

Carter, A. F. ^ • 

Industrial reseCrch. (d), 100. 

Railway electrificatifii in foreign countries, (d), 323. 
Carter, F. W. Future of British main-line electrification. 
(d), 757. 

carter, T. ^ * 

Addness ^ chairman of North-Easteiji Centre. 23. 
Industrial research, (d), 93. / ^ 

Cauthery, j. ' Pulverized fuel, (d), 463. 

Cell, electrolytic, electhc field in. A. A. Ahmed, (p), 301. 
Centre, Chmaf formed. 67, 528. 

Centies, Local, Sub-Centres, Council's report on. 628. 
Certificates, national, Council's report on. 631. 

:—national: list of approved colleges. 209, 381, 900. 
Chai« drives. T. D. Trees, (p), 786. 

Chandle]^, C. K. Directional wireless telegraphy in air¬ 
craft. (d), 130. f - 
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’^se of 

dcsinaton. 381, 514, 616, 626. 

.^'■ofootive apftaxatus for a.c. drcnits. 

?«; 

Chew, W! Obituary notice? 981. 

4 . Iiigh-frequen«y fltem^ors. (p), 947 

Cbina Centre formed. 57 , §28. 

Chmstie, J. C. .'•Adfdress as chairman of Dundee Sub-Centre. 

Cinematograph films, talking. C. F. Elwell, (p), 231. 
^lark, E. V. Novel method of starting polyphase syn¬ 
chronous motors, (p), 878. * ^ 

Speaking at Annual Dinner, 1924. 

oo2. 


Clayton, A. E. 

Leakage flux between pole-corei. (d), 247. 

. Premium awarded to.‘» 528. 

Stator held of 3-phase motor, .^d), 178. 

.C^EGG, F. Protective apparatus for a.c. circuits, (d), 614. 
^EMENTS, F. Pulverized fuel.'? (d), 425. 

^EMiTSON, A. R.-? Pulverized fuel, (d), 451. 

Clinker, R. C. 

Dull-emitting thermionic valves, (d), 696. 

Model%f valvetod oscillating circuif. (p), 125 ; (d), 128. 
- Periodic trigger reception, (d), 189. 

Cloth, varnished cotton, research on. (p), 173. 

Clothiei^ H. W.* Protective apparatus for a.c. circuits. 
(eO, 603. 

Coal. (Also S 9 e Fuel). « 

—mines, researcTiej on safe use of electricity in. W. M. 

Thornton, XP)r 481; (d), 491, 918. 

CoBBOLD? G. W. N. Pmodic^gger reception, (d), 190. 

• Cohen, B. S. ^ ^ 

Faithful reproduction in radio-telephony.' (b), 808. 
Loud-speakers, (d), 286. 

Transmission maintenance of telephone systems, (d), 681. 

Coherers and contact resistance. H. M. Barlow, (p), 158. 
COLLARD, J. Power circuit interference with telephony. 

(D), 864. ^ ^ 

Colleges. (See Education). ^ 

Collie, J. H. Industrial research, (d), 97. 

Collieries. (See Coal mines). 

Combes, F. R. * 

Coopers Hill Memorial Prize awarded to. 381, 629. 
Industrial research, (d), 94. * 

Committees, 192S-24, constitution .^f. 57. , 

•Communication circuits. (See Telegraphy and Tele¬ 
phony). * • 

. Condensing-plant developments. E. M. Hollingsworth, 
(p), 3A ♦ • ^ ■ mm ' 

• Conductivity of electrolyte, meas\p:ement of. A. A. Ahmed, 

(P). 317. 

-of semi-conductors. H. M. BARi?ow, (p), 152. 

Conductors. (See Cables and Conductors). 

Conference, international, on e.h.t. supply systems. 132 
816, 974. 


Contacts, sliding, friction between. Barlow, (p), 133 ♦ 

, (D), 477. • ^ ; • ' ' ^ 

Contracts/ JVtodel Conditions for, Council*s report on. 630. 
Control. (Also see Switchgear). « 

- of electric lifts. H. Marrya^, (p), 336.;, 

Conversazione, Annual, CounciPs report on.* 629. 

Converter, rotary,^ at 60 periods for Midi Railway. A. 
Bachellery, (p), 215. 

--, rotary, interference with telephony. S. C. Bartkolo- • 

MEW, (p), 817. • ^ • 

Cook, D. Obituary, notice. 981. » 

•Cook, E. Pulvefized fuel. (d),*435. 


Cooking. (Also see Heating). 

-- load and small sets. E. G. Kennar^ (p), 718. 

Cooling tests on electrical machines. E. Hughes, (p), 628. 
Cooper, W. R. Speaking at Annual General Meeting, 1924. 

972. « ^ 

Co-operation on industrial research.* W. \7iLSON,(»(p), 
Coopers Hill War Memorial Pdze awarded to F. R. CombS. 
381, 629. 

Copper conductors. (See C.yLES and Con^u^tors), 
CoRLETT, G. S. Electricity in coal mines, (d), JJOl. 
Cornfoot, T. Power circuit interference with telephony* 
(D), 869. 

Corona problems and Kelvin's law. G. Semenza, (p), 889. 

, Cotton cloth, varnished, research on. (p), 173. 

I Coulston, P. B. Future of British main-line electrifi.cation. 
(D), 767. 

Council, Engineering Joint, constitution and bye-laws of. 
631, 533. 

-for year 1924-25 ; result of ballot. 727. 

-, report of, for 1923-24. 526. * 

Council's nominations for election to Council. 558. 

CowiE, J. R. Protective apparatus for a.c. circuits, (d), 600. 
Cramp, W. 

Electricity in coal mines, (d), 503. 

' Industrial research, (d), 94. 

Cramp, W., and Calderwood, (Miss) N. I. Premium 
awarded to. 528. 

CreedY, F. Industrial research, (d), 87. 

Crews, H. C. Electric passenger lifts, (d), 345. 

Critical speed of shafts. J. Frith and F. Buckingham, (p), 
107. 

Crompton, R. E. B. * 

•Award of Faraday Medal to Dr. Ferranti. 969. 

Elected Honorary Member. 208, 527. 

Speaking at Annual Dinner, 1924. 352. 

Current, effect of, on friction between sliding surfaces. H, M. 

Barlow, (p), 133 ; (d), 477. 

-- loading of paper cables, E.R.A'. booklet on. 651. 


D. 

Dalziel, j. 

Electrification of Midi Railway, (d), 227.. 

Future of British main-line electrification, (d), 763, 769. 
Damping and resonant frequencies, determination of. E.^ 

. Mallett, (p), 517. 

Dance, H. E. Electricity in coal mines, (d), 496. 

David, E.*I. Electricity in coal mines, (d), 919. ' 

Davis, A. H. Loud-speakers, (d), 292. , 

Dawson, Sir Philip. Future of British main-line electrifich- * 
tion. (d), 768. ^ ♦ 

Decay factors and. resonant frequencies, dfiterraination of. 

E. Mallett, (p), 617. 

Dennis, G. P. Pulverized fuel, (d), 432. * 

Development, electrical, mjid industrial researchr W. Wil¬ 
son, (p), 61; (d), 83. . • • ^ 

Devey, R. G. , 

Industrial research, (d),. 98. 

Pulverized fuel, (d), 433. 

Devonshire, Sir James. Speaking at Annual General* 
Meeting, 1924. 971, 972. ♦ • ^ 

Dielectric. (See Insulating and Insulator). * ♦ 

Dinner, Annual, announcement of. 132. 

-Annual, Council's report on. 629. 

“—Annual, proceedings at. 360. • ^ 

Diploma of Offtcer of Public Instruction (France) awarded to * 
W. N. Twelvetrees and C* H. Word inch am, 376. 
Diplomas, national. Council's re]^^ on. 531, ’ • 

national: list of approved colleges, etc, 209, $81,^ 90^ 
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Direction-finding, Bellini-Tosi system of, in British mercan¬ 
tile marine. J. A. Slee, (p), 643; (d), 660. 

- observations and transmitting-aeriai shape. R. L. 

Smith-Rose, ^p), 967. * 

-observations pn ship «and shore stations. R. L. Smith- 

^ rRoSE, (P), 7^1. 

Distribution of electricity; {9ee Power Supply). 

Dixon, R. E. Obituary notice. 982. 

Donaldson, ^J.^. Protective apparatus for a.c. circuits. 
(D), §99. 

Dover, A. T. Electrification of Midi Railway, (d), 224. 
Dransfield, F. Pulverized fuel, (d), 459. 

Drill, electrically operated. W. Wilson, (p), 79. 

Drive of power station auxiliaries, (d), 243. 

Duncan, J. M. Pulverized fuel, (d), 426. ^ 

Dundas, W. Drive of power station auxiliaries, (d), 246. 
Dunn, j! T. Pulverized fuel, (d), 460. 

DuNSHEi^TH, P. Industrial research, (d), 89. 

Dunthorne, H. R. j. Electrification of Midi Railway. 

' (D),^229. 

E. 

Eames, a. j. Power circuit interference with telephony. 

^ (D), 868. 

Earth currents and telephone interference. S. C. Bartho¬ 
lomew, (p), 846. 

Earthing plate, improved. W. M. Thornton, (p), 490. 
Eccles, W. 

Drive of power station auxiliaries, (d), 243. 

Pulverized fuel, (d), 443. 

Eccles, W. H. Loud-speakers, (d), 286. 

Eckersley, P. P. Loud-speaker, new type of. (p), 284: 
(D), 376. 

Eckersley, T. L. Periodic trigger reception, (d), 188. 
Economics ^f electric generation and distribution. G, 
Semenza, (p), 882. 

- of power consumption. D. J. Bolton, (p), 901. 

Edgcumbe,»K. Protective apparatus for a.c. circuits, 

699. ^ ^ ^ • 

Edmundson, H. W. Dull-emitting thermionic valves. fD). 

*•697. ^ ^ ^ 

Edridge, W. H. Dull-emitting thermionic valves, (d), 698, 

-Coeducation, 


Electrostatic ignition of gas in mines. W, M. Thornton, 
(P)> 483. . . " 

-induction between •'power and telephone arcuits. E. 

Parry, (d), 860. ^ ^ 

Elston, J. S. Transmission maintenance of telephone 
systems, (d), 683. 

Elwell, C. F. ^ ^ 

Damping ^d sp?ed«in wireless reception, (d)' 206. 
Phonofilms, or talking pictures, (p), 231. 

Endosmose, electrical, and cable faults.* W. M. Thornton, 
(P), 490. 

Engineer, Chartered Electrical. (See Chartered). . • 
Engineering, development of. T. Carter, (p), 23. • 

-electrical, and industrial research. W. Wilson, (p), 

61; (D), 83. 

-Joint Council. (5^^ Council). 

Engineers, status and training of. C. T. Allan, (p), 19. 

- training of. C. Or Brettelle, (p), 116; T. Carter, 

(p)» 26; A. Russell, (d), 362. 

Engines, internal-combpstion, tests on. E. G. Kennard, 
(p). 713. 

Erikson, P. E., and Mach, R. A. 

Fahie Premium awarded to. 628. # 

Transmission maintenance of telephone systems, (p) 
663; (D), 686. 

Erith, C. Mveriztd fuel, (d), 426. ^ 

Evans, F. F. Pulverized fuel, (d), 422. 

Evershed, S. Elected Vice-President, 727. 

Examination, Associate Membership, April 1924, p.nnouuce- 
ment of, 209. * • 

-Associate Membership, thesis in lieu of. 074,* 

- results, Associate Membership. ^ August 1923. #67. 

October 1923. 132,209. February 11924. 479. April 
1924. 668, 900. Augugt 192^ 900. 

Examinations. Associate MemBersnip, Councirs report on. 
627. • • 

-•, training for, A. Russell, (d), 362. 

Exhibition, British Empire. PI. Bell, (p), 39; A. Russell, 
(P). 3. 

-of scientific apparatus. 67. 

Explosion tests, pressure i|pdicator for. W. Wilson, (p), 76. 
Explosions and electricity in mines. W. M. Thornton, (p). 


F. 


A.M.I.E.E. examination results. (See Examination). 
Council's report on national certificates. 631. 

List of colleges, etc., approved for national* certificates 
and diplomas. 209, 381, 900. 

Robert Blair Fellowships founded by London County 
Council. 661. 


Scholarships, award.of, for 1923-24. 629. 

•-award of, for 1924-26. 974. 

-presentation of. 123. 

Tr^ng for examinations. M Russell, (d), 362. 

of ra^eers. C. T. Aixan. (p), 19; c. O. Bret- 
TELLE, (p), 116; X. C/LRTER, (p), 26. 

-— of research staff. W. Wilson, (p), 66. 

Education Fund: graat to A. Ramsay 

^wErss. G. D. Transmission maintenance of telephow 
systems, (d). 682. 

Eiecti^. 207, 378, 469, 616; 688, 971. 

Electiiciljr supply. {See Power Sorely). 

Kectolytac cell, electric field in. A. A. Ahmed, (p), 301. 
Electoo^tic mduction between power and te ephone 
Circuits. E. Parry, (d), 860. 

Elec^tet^ force b^-wen semi-conductor and metal. 
H. Jtf, Barlow, Jp), 16J. 


Fahie Premiunf. Awarded to P. E. !erikson and R. A, 
• Mack. 628. • • ^ 

Fairburn, C. E. Electrification of Midi Railway, (d), 226. 
FMJiiouTH, VfscouNT. Elected Member of Council. 727. 
Faraday Medal. Awarded to S. Z, de Ferranti. 299, 380a 
969# • r ^ * 

Faults, cable, and electrigad endosmose. W. M. Thornton* 
(p), 490. 

-on telephone systems, location of. P. E. Erikson and 

R. A. Mack, (p), CTO. 

-protective apparatus for, on a.c. circuits. A. S. 

FitzGerald, (p), 661, 

Fawssett, E. Industrial research, (d), 92. 

FeUowships, Robert Blair, founded by^Isondon County 
Council! 661. r 

Fennell, W. Power^ circuit interference with telephony. 

(d), 86^1, J 

Ferguson, S. Protective apparatus for a.c. circuits, (b), 612* 
Ferguson, T. Future of British maifi-Une electrification. 
(d), 766. 

Ferranti, S. Z. db, * 

^ Fafedp; Medal awarded to. «’29d, 380, 627, 970. 
Speakmg at Annual Dinner, 1924v 362, 

Vote of thanks^to F. 0111 for services os President, 123. 
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Fidd, electric, in electrolytic cell. A. A. Ahmed, (p), 301. 
- ilaments, duU-emitting, thermionic valves with. M. 

Thompson and A. C. Bartlesct, (p), 689; (o), 696. 
Filing of research results. W. Wilson, (p), 69. 

Fiscal policy. A . Bell, (p), 37. 

^SHER, H. J. Electricity in coal mines, (d), 497. 
FlTzGERiaiLD, A. S. 

Johr? Hopkinson Preftiimn awsjded to. 628. 
n Pfbtective apparatus for a.c. circuits, (p)? 661; (d), 619. 
Fleming, a. P, Mi Industrial research, (d), 83. 

Flux, sinusoidal air-gap, pole-shoe shape for. B. Hague, 
(H), 921. 

Forrest] F, 

Electricity in coal mines, (d), 604. 

ProtecClve apparatus for a.c. circuits, (d), 616. 
Pulverized fuel, (d), 464. 

Forshaw, H. W., and Palmer, L. S. Coupling between two 
oscillatory circuits, (p), 896. 

Fortescue, C. L. . * 

Bellini-Tosi direction-finding in British mercantile marine. 

(D), 661. 

Doping and speed in wireless reception, (d), 206. 
Distortion in ^plifier. (p); 270. 

Dull-emitting thermionic v^ves. (d), 696. 

French Government, award by, to C. H. Wordingham and 
W. M. TwelvEtrees. 376. « 

-Society of Ej^ectricians, (See Soci 6 t 6 ). 

Frequencies, resonant, and decay factors. E. Mallett, (p), 

^ . 

Frictipn between sliding surfaces. H. M. Barlow, (p), 133 ; 
W, 477.^ 

F 51 TH, J., a^jji Buckingham, F. Whirling of shafts, (p), 
107. • , • 

Fuel. (^Iso see Qoal). 

--conservation of. ^H^siBjIll, (p), 38. ^ 
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